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Synopsis 
It is easy to manufacture brass components through conventional methods. 
Alternatively, powder metallurgy technique can also be used. Study of input variables 
to sinter mechanically interlocked brass powder compact has received far less attention 
in the last decades. Zinc evaporates at low temperature whenever the compressed 
specimens are sintered by conventional means. This changes the composition of the 
products. If, anyhow, escaping zinc vapours are arrested they segregate between pores 
of the powder particles. This adversely affects the product properties. 
In general, conventional muffle furnace heating (MFH) is used for sintering 
which cause nonuniform temperature profile i.e. temperature at the surface of a 
compact undergoing sintering, becomes higher than its core. This nonuniform 
temperature profile causes either escape of zinc vapours from the surface or poor 
quality at the core (due to low temperature at the core). Therefore it is necessary to use 
a heating method that maintains a uniform temperature profile. Conventional methods 
cannot serve this purpose. To solve this problem, in the present work, direct resistance 
heating is used. In this case, current passes through the compact uniformly. Thus the 
temperature profile within the compact remains uniform. 
A set-up is developed to pass a direct electric current (d.c.) at different current 
densities through the pressings. Several experiments are conducted according to 3' 
factorial design of experiments. The aflFects of the input parameters viz. compaction 
pressure, sintering time and current density, on sintered properties like relative density, 
densification parameters, mass, volume, diameter, compressive strength and strain and 
hardness of product are studied. The compaction of powder particles is done at different 
pressure varying from 242 to 725 Mpa. The electric current density and the duration of 
current flow are controlled from 8.3 to 17.5 MA/m~ and 30 to 90 seconds, respectively. 
Experiments show that the input parameters affect the physical and mechanical 
properties of sintered product. In this case, the sintering is fast and it can be completed 
successfiilly within one minute. The level of current density of 12.9 MA/m" is the 
sufficient at which the desired properties in compacts can be obtained. Moreover, there 
is a specific combination of input parameters at which pressings burst. Results are 
analyzed graphically as well as statistically. Mathematical models of the output 
parameters correlating the input variables are also developed. 
Experiments are also performed under a new step current control technique 
(SCCT). Under this scheme, the current is passed through mechanically interlocked 
compacts in two steps. In the first step, 6.5 MA/m" of current is passed through the 
compact for 30 seconds. In second step, it is raised to 12.9 MA/m" and the current 
continued to flow for the next 30 seconds. It improves drastically the physical and 
mechanical properties of sintered compact as compared to the condition when the 
current is maintained at 12.9 MA/m^ for one minute. The mechanical properties are 
improved and hardness, true compressive strength etc. are found double and triple, 
when sintered through SCCT. 
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Chapter -1 
Introduction 
The use of copper in powder metallurgy (P/M) industry dates back 
to the I920's, when porous bronze became commercialized. The self-
lubricating bearings, which are the oldest application of P/M parts, were 
developed independently in the research laboratories of General Motors 
Corporation and Bound-Brook oil-less Bearing Co. (Stevenson, 1987). 
However, the diversified and extensive applications of copper-based brass 
powder metal include automotive, building and construction, coins, 
medals, medallions, electrical and electronic components, hardware, office 
equipment, ordinances, personal products and printing materials etc. The 
processes like melting, casting and subsequent machining operations can 
be avoided if P/M technique is feasible. It is also known that P/M 
components have better tribological, toughness and vibration properties 
compared to forged components with consequent saving in cost. 
There is a continuous increase in applications of P/M brass 
components. One of the important applications, for example, is in the form 
of sleeve bearings, bushes and components of simple geometry, which can 
be produced by powder compaction using a suitable punch and die. These 
parts are subjected to moderate stresses only (predominantly in 
compression). Such parts can be made entirely through P/M. The raw 
material for a P/M product is a fine particles-size, metal powder of suitable 
shape. The powder blends of desired proportion with or without lubricant 
are pressed in dies to form parts. Such compressed specimens attain some 
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strength from mechanical interlocking of particles. These pressings are 
then heat treated (sintered) through muffle fiimace heating (MFH) in a 
protective atmosphere (reducing, neutral or vacuum) at a temperature of 
about two-third the melting point of the major constituent and below the 
solidus temperature of the alloy. Finishing operations such as sizing, 
repressing etc. are optional and sintered parts can be machined, plated, heat 
treated and painted. An exhaustive literature review conducted under the 
present investigation shows that not much attention has been paid to 
manufacture engineering brass components through P/M route, probably 
due to one of its constituent zinc being volatile (boiling point 906" C). 
There is no method to check evaporation of zinc during sintering by 
conventional muffle furnace heating. Maintaining accurately a uniform 
temperature profile throughout the compact during sintering can solve this 
problem. 
With the help of electrical heating the desired accurate and uniform 
temperature profile can be maintained easily [Partab, 1985]. Therefore, for 
this purpose in the present work, 'direct resistance heating' is employed. A 
set-up is developed to pass a direct electric current (d.c.) at different 
current densities through the pressings. 
A metallic component gets heated when an electric current is passed 
through it. Thus, an electric current can heat a mechanically interlocked 
compact. The powder particles of the compact may get heated and sintered 
if the current passes for sufficient period of time. In this case, all the 
powder particles simultaneously attain the conditions required for 
sintering. This method of heat-treatment requires negligible time (few 
seconds only) to attain high temperature (which is an essential requirement 
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for sintering). Particularly, to sinter brass powder compacts containing 
volatile zinc, this method of sintering is found highly attractive. A uniform 
temperature profile, along the cross-section of the component under going 
sintering are controlled by: (i) controlling the current density, and (ii) the 
time of current flow. Moreover, it is found and practically experienced that 
the control of the temperature profile in the compact by an electric current 
is easier and faster than that of conventional MFH. 
The developed set-up is used to pass direct current (d.c.) at high 
current densities through the pressing. Several experiments are conducted 
according to 3^ factorial design of experiments. The affects of the input 
parameters viz. compaction pressure, sintering time and current density on 
sintered properties like relative density, densification parameters, mass, 
volume, diameter, compressive strength and strain and hardness of product 
are studied. The compaction of powder particles is done at different 
pressure varying from 242 to 725 Mpa. The electric current density and the 
duration of current flow are controlled from 8.3 to 17.5 MA/m" and 30 to 
90 seconds, respectively. 
At 242 Mpa and 17.5 MA/m", the compacts disintegrate into 
fragments. 
With controlled dezincification, the results are found comparable to 
those obtained through conventional route. The cycle time of sintering 
(heating, sintering and cooling) is reduced drastically by the present 
technique as compared to the conventional MFH and the need of controlled 
atmosphere is totally eliminated. 
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In the present work, following studies are made: 
A. Input conditions under uncontrolled environment 
i. Compaction pressure at 242, 483, 725 Mpa. 
ii. Current density at 8.3, 12.9 and 17.5 MA/ml 
iii. Time for passing of current at 30, 60, 90 seconds. 
B. Output behaviour of sintered product 
i. 
ii. 
iii. 
iv. 
V. 
vi. 
vii. 
viii. 
ix. 
Relative density 
Densification parameter 
Mass 
Volume 
Diameter 
Hardness 
Compressive strength 
Compressive train 
Micro-structure 
C. The results are graphically and statistically analyzed. 
D. A new step current control technique (SCCT) has been 
introduced. Under this scheme, the current is passed 
through mechanically interlocked compacts in two 
steps. In the fet step, 6.5 MA/m" of current is passed 
through the compact for 30 seconds. Then in the second 
step it is raised to 12.9 MA/m~ and continued to flow 
for the next 30 seconds. It improves drastically the 
sintered physical as a well as mechanical properties as 
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compared to the condition when the current is 
maintained at 12.9 MA/m for 60 seconds. The 
mechanical properties are irrproved and hardness, true 
compressive strength etc. are doubled and tripled when 
sintered through SCCT. 
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Chapter - 2 
Literature review 
Introduction 
Metals can be processed by technologies like casting, forming 
machining etc. Powder Metallurgy (P/M) is one of the non-traditional 
manufacturing processes. The P/M industry has enjoyed extraordinary 
growth during this decade. Its current boom can be directly traced to 
accelerate demand for P/M products from the auto industry. 
The products made through P/M route can compete more 
economically than the components made through conventional route. 
Moreover filing brass swarf gives a fine sinterable grade powder, which 
can be attained by sieving. A large quantity of brass scrap in the form of 
chips or filing swarf is available in different cities of India like Aligarh and 
Moradabad. But these scraps are not being reutilized properly. 
Presently the scrap of brass is remelted and casted in the form of 
blank or in articles directly. The casts are fijrther processed to make useful 
components. The casting yield is not more than 70% because of loss in 
gates, risers and runners and some defective castings and machining. 
Moreover, zinc is also lost during remelting and the composition and 
properties of brass products are changed. If the P/M process is used to 
reutilize the swarf^  it will be a great achievement. Thus the engineering 
products can be made directly without melting and yield will be 100%. 
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Copper alloy parts produced by P/M technique 
The copper alloys are extensively used for the manufacture of 
machine and instrumental components due to special physicomechanical 
properties e.g. high electrical and thermal conductivities, good corrosion 
resistance, a low coefficient of friction, and suitability for brazing and 
electro-deposition. White [1995] has reported that the sharply rising price 
of copper in world commodity markets definitely took the sparkle out of 
copper and copper-based P/M products. 
In the production of parts of complex configuration with high 
dimensional accuracy, and good surface finish, considerable amounts of 
material are wasted in machining. The coefficient of utilization of material 
is therefore very low (0.2-0.5). Use of powder metallurgy methods for the 
manufacture of such parts in copper alloys substantially reduces labor and 
waste of metal. 
However, with the existing techniques it is not possible to produce 
parts from copper alloy powders with porosities less than 7-10%. Sintered 
parts exhibiting residual porosity possess poorer physicomechanical 
properties compared to similar parts produced by casting. It is therefore, 
cannot be employed in radio-electronic equipment, where variations in the 
properties of materials can affect output signal parameters. 
A marked improvement in the properties of P/M materials is attained 
only at porosities of not more than 3-4%. Such a low level of porosity 
cannot be achieved by the conventional single-pressing and sintering 
process, in spite of the fact that copper alloy powders are characterized by 
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high compressibility (in pressing it is possible to attain relative densities of 
90-93%). This is partly due to the use of hydrogen-containing gases as 
sintering atmospheres. Hydrogen, by readily diffusing into copper and 
combining with the oxygen of oxides, forms a large amount of water vapor 
[Smirygin et al, 1974]. When the density of a compact is high and closed 
pores predominate in it, a high pressure is generated in its pores, which 
leads to the rupture of interparticle contacts and formation of micro-cracks 
(so-called 'hydrogen blight'). This increases the dimensions of parts and 
adversely affects their mechanical properties. If this phenomenon is to be 
prevented, the porosity of parts after pressing should be sufficient for the 
removal of reduction products during sintering (15-20%) [Smirygin et al, 
1974]. 
Another obstacle to the attainment of high density in sintering 
copper alloys is difflisional porosity. During the sintering of compacts 
pressed from mixtures of powders (e.g. copper and tin or copper and zinc) 
fluxes of different intensities are set up owing to the difference in the 
diffiision coefficients of the elements, as a result of which pores are formed 
and the dimensions grow [Peissker, 1974; Eudier, 1978; Gudkova, 1964 
and Howat, 1978]. Eudier [1978] has reported that during sintering of 
compacts from mixtures of copper and tin powders there is 2% increase in 
size, bringing about a 6% decrease in density. The increase in size of 
sintered compact is directly proportional to starting green density. To 
prevent this, it is necessary to employ alloy powders and ensure that the 
porosity of compacts is not less than 15-20%. 
Owing to the specific character of formation of sintered copper 
alloys it is not possible to produce good-quality parts with a porosity of 
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less than 15% by single pressing and sintering. If P/M parts of improved 
physicomechanical properties are to be obtained, they must be subjected to 
additional densification. 
Production of parts from brass powders 
Brasses owe their extensive application to the fact that they combine 
good mechanical and processing properties. A numerous authors have been 
investigated the structure, properties, and production of cast and wrought 
copper-zinc alloys [Presnyakov et al, 1969; Chervyakova et al, 1974 and 
Kolachev et al, 1981]. In contrast to cast materials, until recently P/M 
brasses did not receive a great deal of study. Mainly because of the belief 
that the orthodox cast and rolled brasses are very easy to machine, and 
little advantage would be gained from producing these materials by the 
powder metallurgy method [Palmer et al, 1966]. However, some 
investigations carried out in the last decade have shown that labor 
consumption in the manufacture of brass P/M parts is only one half that in 
the manufacture of cast parts [Baskakov, 1974]. Moreover, the high 
coefficient of utilization of materials characteristics of the powder 
metallurgy - 0.90 or more against 0.2 - 0.5 in casting, combine with the 
same high level of physicomechanical properties, enables the P/M route to 
compete successfiiUy with other methods of manufacture of constructional 
parts. It is to be noted that there are a number of plants in Soviet Union that 
produce atomized brass powders on a large scale. Consequently, there is a 
need of research and development works dealing for exploring the 
possibilities of employing these materials for the production of parts for 
various types of service. 
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The first attempt to produce brass P/M parts was made in the United 
States and Britain in 1940s [Dovydenkova et al, 1982]. It was found that 
production of brass parts from a mixture of copper and zinc powders by 
conventional powder metallurgy technique (pressing and sintering) 
presents considerable difficulties because zinc evaporates during sintering, 
and it is impossible to decrease the porosity of parts to less than 7 - 10 %. 
This high residual porosity has such a deleterious effect on the 
physicomechanical properties of materials that they often become 
unsuitable for constructional applications. Apart from these, evaporation of 
zinc may lead to nonuniformity of chemical composition and hence 
physicomechanical properties across the specimens. The use of copper 
powders prealloyed with zinc, markedly decreases the heterogeneity of 
P/M brass. 
Popov et al [1979] and Belyakov et al [1981] reported that 
specimens made from atomized brass powder produced from melts by 
atomization with water under high pressure and compressed air in nitrogen 
are slightly inferior in compatibility, compressibility, electrical 
conductivity, and sfrength to those obtained from a powder produced by a 
diffusion technique. 
Baskakov [1974] has shown that labor consumption in brass P/M 
parts is only one half of cast parts. Kutty [1988] has developed a technique 
to produce brass powder for processing components through P/M route 
from suitably separated cleaned chips. Raisuddin et al [1986] has examined 
economic feasibility and viability of reutilization of brass swarf for the 
production of small parts to the finished dimensions by P/M technique. It 
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reveals that a net saving of 35.18% in the cost of sinterable grade powder 
can be achieved as compared to the fresh brass powder. 
Considerable difficulties are encountered owing to evaporation of 
zinc in the course of sintering of brasses. This phenomenon is observed 
also during the high-temperature annealing of solid brasses [Gulyaev, 
1978], but in P/M materials it is more pronounced as a result of the 
porosity and large specific surface area of pressed articles. It can lead to 
variations in chemical composition and physicomechanical properties over 
the cross sections of specimens. The use of prealloyed powders 
appreciably reduces the heterogeneity of P/M brass. 
For the production of sintered brass parts various processes are 
employed, including cold pressing & sintering, cold pressing & sizing, and 
cold pressing & hot forging. In the cold pressing of brass powders, 
lubricating zinc stearate or lithium stearate addition is introduced into them 
[Paller et al, 1966]. The strength of a green brass compact in radical 
direction is a maximum at a solid lubricant content of 0.5 wt.% (i.e. % by 
weight) it has been noted that the compressibility of brass powders 
decreases with increasing zinc content [Willcock et al, 1979]. The porosity 
of compacts usually exceeds 12% [Mathews, 1963; Eisenkolb, 1969]. 
The operations of difflisional impregnation of mixtures and that of 
sintering are highly critical [Terletskii et al, 1972]. In the former case, with 
an insufficiently homogeneous powder equalization of zinc concentration 
may bring about uneven shrinkage during sintering. In the latter, a 
substantial scatter of values of physicomechanical characteristics of parts 
due to fluctuations of the temperature and humidity of the protective 
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atmosphere is reported. It is also necessary to bear in mind weight losses 
due to evaporation of zinc, which may attain 8 wt.% and 1-2 wt.% in open 
and closed containers, respectively. In this case, as well as under the 
influence of gases occluded in closed pores, parts may increase in size. 
Jenkins [1951] discussed the problems associated with heat 
treatment of wrought brass. According to him difficulties associated with 
the bright heat treatment of brass are related to the mari^ ed susceptibility to 
oxidation and to the volatility of zinc at normal temperatures. At 
atmospheric pressure, even though, the rate of evaporation of zinc is 
materially lower, but it is of sufficient magnitude to give rise to bad 
surface staining at 500°C and above. Yhe loss of zinc enriches the surface 
of the alloy with copper giving rise to roughening. It was also reported that 
a heavy atmosphere exerts a blanketing effect and evaporation of zinc is 
less, in pure nitrogen. 
Compaction parts from brass powders 
Brass P/M parts are produced by various methods. Cold pressing of 
brass powders, giving compact densities of 7.3 - 7.5 g/cc, is generally 
performed under pressure of 600 - 800 Mpa. In this pressure range, the 
compressibility of a powder produced by diffiisional inpregnation is better 
than that of an atomized powder. The density of the specimens JBrom a 
diffusion impregnated powder is about 0.2 g / higher [Belyakov et al, 
1981]. 
Kutty [1988] has reported that double action increases density ratio 
by 0.63-1.9%. It is also concluded that within the range of compacting 
pressures for conventional powders, chip powder can present high density 
2 - Litrature review ^ ^ 
parts and the irregular shape of the particles have been found to be an 
advantage for in^arting good strength. 
In cold pressing, it is usual to add 0.5 - 0.75 wt.% of zinc stearate as 
a lubricant to the starting powder [Palmer et al, 1966; Baskakov, 1974]. 
Addition of 0.1 - 2.0 % of zinc stearate increase the density of compacts 
from copper-base powders, but larger amounts of the lubricant decrease it 
[Okimoto et al, 1975]. The effectiveness of this lubricant in reducing the 
coefficient of friction is much greater when it is apphed to the die walls 
than when it is added to the powder. There is no consensus among authors 
on the effect of zinc stearate addition to powders on the mechanical 
properties of sintered compacts. The addition of zinc stearate decreases the 
mechanical strengtii of compacts according to Okimoto et al [1975] and 
increases it according to Palmer et al [1966]. Maximum strength of 
sintered brasses is observed when 0.75 % of Uthium stearate is added to the 
charge. The beneficial effect of this confound is two fold. It lubricates the 
powder during pressing, and a lithium-containing vapor, evolving at high 
temperatures, has a reducing action in neutral and even in oxidizing 
atmospheres [Palmer et aL, 1966; Baskakov, 1969]. 
Sintering of brass powder compacts 
The sintering of the pressed compacts is a key operation. It causes 
serious difficulties in the manufacture of brass parts by the powder 
metallurgy method. The difficulties in the manufacture of brass parts by 
the powder metallurgy method are linked with the specific behavior of one 
of the components of the alloy, zinc, which is characterized by high vapor 
pressure and a tendency to form difficult-to-reduce oxides. The sintering of 
brass is fiirther complicated by the feet that evaporation of zinc and tlie 
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hetero-diffiision processes accompanying it take place in a system whose 
components have different partial difiRision coeJBficients [Terletskii, 1972]. 
Although extensive investigations have been carried out on 
sintering, there is no universally accepted theory for this. During the 
process, powder mass metallurgical bond into a coherent body at high 
temperature in a protective atmosphere. Two phenomena account for this: 
(1) adhesion of surfaces together and (2) diffusion across particle 
boundaries. Many investigators [Lenel 1982] have been discussed the 
theory and mechanism of sintering. 
The evaporation of zinc leads to loss of weight of specimens, which 
attains 8 % on sintering in open boats and 1-2 % in sintering in closed 
containers, and the appearance, in both cases, of diffusional (secondary) 
porosity [Terletskii, 1972; Terletskii et al, 1972]. A certain rate of 
evaporation of zinc is a critical one [Terletskii, 1972]. During evaporation 
at a sub critical rate diffusional porosity does not appear even when a 
substantial amount of zinc (up to 25 %) is removed. The sintering of 
brasses may be accompanied both by shrinkage of specimens [Palmer et al 
1966; Terletskii et al, 1972] and by their growth under the action of gases 
trapped in closed pores [Terletskii et al, 1976]. The sintering shrinkage of 
specimens' amounts to 1.2-2.6%, the evaporation of zinc and the 
magnitude of volume shrinkage being closed and linearly related to each 
other [Terietskii et al, 1972]. As the quantity ^ / p (weight loss in sintering) 
grows, the level of strength of brass slightly fells, in particular by a fector 
of 1.5 at a fivefold increase in weight loss. 
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The formation of diffiisional porosity may be prevented by 
performing sintering in the presence of a liquid phase appearing as a result 
of the addition of 0.3-0.6% P [Terletskii, 1972; Terletskii et al, 1976] or 
1.6% Pb [Palmer et al, 1966], which are insoluble in the a-phase. The 
liquid phase wets the solid particles of the powder, which intensifies the 
process of sintering. Maximum strength characteristics (i.e. tensile strength 
Ct =250-270 Mpa and elongation o= 15%) are exhibited by brass alloyed 
with 0.3% P. A 0.6% P addition decreases the tensile strength to 170 Mpa, 
but increases the elongation to 17-18% [Terletskii et al, 1972]. 
Metallograghic examinations have shown that raising the phosphorus 
content increases the grain and it is this, of course, that accounts for the fall 
in strength. Optimum sintering temperatures vary in the range 860-900 °C 
depending on the composition of the starting powder. The properties of 
parts are strongly affected by temperature fluctuations during sintering. 
According to Palmer et al [Palmer et al, 1966], such temperature 
fluctuations should not exceed 8°C. Sintering usually lasts up to 1 hour. 
Both prolonged sintering and exceeding an optimum temperature promote 
the formation of a coarse-grained structure, intensify the evaporation of 
zinc, and hence increase secondary porosity. 
A marked influence in the evaporation of zinc during sintering is 
exerted by the humidity if inactive atmosphere (nitrogen, hydrogen, 
dissociated ammonia, or endogas) is employed. The higher the humidity, 
the more rapid is the evaporation of zinc, particularly at higher 
temperatures. A number of authors are of the opinion that the moisture 
content of the sintering atmosphere should not exceed 2%; raising it to 5% 
lowers the level of physicomechanical properties of brass by half 
[Dovydenkova et al, 1982]. The results of investigations regarding the 
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effect of type of starting material and method of manufacture of brass and 
bronze powders on the stability of chemical composition and properties of 
are of considerable interest [Radomysel'skii, et al 1984]. 
The sintering of brass from a mixture of copper and copper-zinc 
master alloy powders gives more stable zinc contents compared with the 
sintering of a mixture of copper and zinc powders [Baskakov, 1974]. In the 
latter case, with a 60% Cu- 40% Zn rruxture, the zinc concentration falls 
during sintering as a result of evaporation to 34%. From the point of view 
of stability of chemical composition, the best results are obtained with 
sintered compacts from a prealloyed brass powder. 
Studies have been carried out of the phase transformations occurring 
during the sintering of brass (Cu 60% - Zn 40%) obtained from various 
starting materials; a mixture of copper and zinc powders, a mixture of a 
copper powder and a copper-zinc master alloy, and homogenized alloy 
powders. During the sintering of brass from a powder mixture, the phase 
composition of the material becomes stabilized at 500°C, whereas with a 
homogenized powder the phase composition remains practically 
unchanged in the range 150-880"C [Baskakov et al, 1974]. The rate of 
formation of the P-phase during sintering grows with rising pressing 
pressure and decreasing zinc powder particle size [Tom, 1970]. According 
to Palmer et al [1966] and Kutty [1988], sealing the chamber, saturating 
the sintering atmosphere with zinc vapor, or raising the protective gas 
pressure reduces the volatility of zinc during sintering. A method of 
treating of copper-zinc alloy powders has been patented [Japan. Pat., 
1981]. It consists of applying a two-layer surfece coating to the Cu-Zn 
alloy, the first layer of tin, silver, or lead, and the second of copper, nickel, 
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lead, or an alloy of these metals. At temperatures of 700-800°C, a 0.5 to 1-
|im thick layer is reported to prevent the evaporation of zinc. 
The evaporation of zinc can be reduced and the sintering process 
improved by mixing a brass powder with 0.05 - 0.5% of carbonates or 
halides of alkali or rare-earth metals [Japan. Pat. No. 5530507, 1980; 
Japan. Pat. 1981]. The mixture is heated to a temperature above the 
decomposition temperature of the given compound, and the powder is then 
pressed and sintered. During sintering, the active addition reacts with any 
oxide films, which facilities their removal and sintering conditions are 
thereby improved. 
Alloying can substantially raise the level of processing and 
physicomechanical properties of brasses. A P/M copper-zinc alloy of high 
nickel content (10-30%) is patented [Japan. Pat. No. 5530507, 1980], 
which possesses excellent corrosion and wear resistance. The alloy can be 
used for the manufacture of coins, medals, electrical contacts and the like. 
Another P/M brass composition has been patented containing 1-7% Co, 
and it is claimed that the addition of cobalt to a charge appreciably 
decreases sintering shrinkage and increases the hardness and strength of 
sintered parts [U.S. Pat., 1979]. 
Another method of increasing the strength of P/M brass is by 
subjecting parts to coining, which increases their density to 7.9-8.1 g/cc. 
However, coining decreases ductility, from 5-7% to 2-3% for ordinary 
brass and from 13-15% to 8% for brass alloyed with phosphorus [Terletskii 
etal, 1972]. 
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Thus, P/M brass parts produced by the existing methods have a 
porosity of up to 10%. Such porosity has a deleterious effect of 
physicomechanical properties, and this frequently prevents P/M brass from 
being used in constructional applications. Further more, the material does 
not have good corrosion resistance, and its properties are not constant with 
time. 
Hot forging of compacted porous preforms is an effective means of 
reducing (to as little as 1%) the porosity of materials [Popov et al. 1980; 
Kolesnikov et al 1981; Radomydel'skii et al, 1982]. In the manufacture of 
brass parts by this method, preforms are heated for forging for a short time 
(5-15 min) in an argon atmosphere. Forging temperature ranges are chosen 
on the bases of the constitution diagram of the Cu-Zn system [Kolesnikov 
et al 1981]. Moreover, with copper-base alloys it is particularly important 
that if the required temperature is maintained above a given range, it leads 
to a strong grain growth. It ultimately induces a brittle state. The same 
effect is brought about by an excessive fall in temperature [Storozhev et ai, 
1967]. 
Brasses with the a-phase structure are ductile, possess good 
processing characteristics, and are amenable to hot and cold plastic 
working. In the temperature range 300-700°C, however, a-brasses exhibits 
a ductility trough [Kolachev et al, 1981]. 
At low temperature two- (a+p) and single-phase p-brasses are less 
ductile and have poorer processing properties than a-brasses [Storozhev et 
al, 1967]. However, they are veiy ductile at temperatures above 600°C 
[Presnyakov et al, 1969]. The improvement in ductility exhibited by 
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(a+P)-brasses, which takes place in the range of the a+p+y transition, may 
attain 180-200% for L59 (59% Cu-Zn) and LS59-1 (59% Cu - 1 % Pb-Zn) 
grades and 130-190% for L60 (60%) Cu-Zn) grade [Fedorov et al, 1982]. A 
sharp increase in ductility accompanying the transition from the (a+p)- to 
the p-range is characteristic not only of binary brasses but also of their 
alloyed modifications. 
The properties of a forged part are strongly influenced by the degree 
of deformation experienced by its material during forging. In a critical 
reduction zone (10-15%)) exceptionally intense grain growth takes place in 
copper-base alloys [Storozhev et al, 1967], and forging should therefore be 
performed with reductions around 15%. 
In the manufacture of parts from powders by hot forging, this 
operation can be performed with or without presintering the compacts prior 
to forging. According to Radomydel'skii et al [1982], presintering 
increases specimen weight losses by 2 to 2.5 times. 
The heating of brass preforms for hot forging should be done in 
induction heating installations [Zeverin, 1981], which ensure much higher 
heating rates compared with resistance fiimaces. This prevents the 
formation of large grains and reduces zinc losses during heating. 
Afaq et al [1992] introduced a new technique if sintering of brass 
powder compacts by passing very high current instantaneously. Fairly 
good and encouraging results were obtained, but some specimens got 
damaged. Afaq et al [Feb. 1993; April 1993] have reported the sintering of 
brass powder compacts by passing high electric current for short duration 
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of time in controlled atmosphere of nitrogen gas. The sintered properties 
were found to be comparable to those obtained from conventional 
methods. Afeq et al [1994] have reported that the use of borax coating 
contributes an improvement in sintered properties of brass compacts. 
Moreover, borax coated brass compacts when sintered in open atmosphere 
gives the same properties as when they are sintered in protective 
atmosphere without borax coating. According to HameeduUah [1993], 
nitrogen can economically replace hydrogen as the sintering atmosphere 
for processing brass P/M components. He has also standardized the 
temperature, time, and gas pressure of sintering brass by conventional P/M 
process. An attempt has also been made to process the compacts with 
coating of borax solution on the surfece of the compacts. The results were 
encouraging. Afaq et al [1995] observed that the percent theoretical values 
of density, hardness and compressive strengdi of brass filing swarf 
compacts obtained through DERH technique were comparable with those 
obtained through MFH technique and these properties were superior for 
compacts made from atomized brass powder for all current values. The 
current density affects the physical properties of atomized brass powder 
contacts [Ansari et al, 1995]. 
Sintering temperature 
Investigations have been carried out for the effect of sintering 
temperature on the strength and ductihty of brass [Goetzel, 1942; Bradley, 
1954; Eisenkolb, 1969; Wicham et al, 1973; Cegielski, 1979]. It has been 
demonstrated that the optimum tenperature is 800-820°C, sintering at both 
higher and lower temperature, resulting in poorer physicomechanical 
properties being obtained in brass. According to some researchers 
[Goetzel, 1942; Bradley, 1954; Eisenkolb, 1969; Wicham et al, 1973; 
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Cegielski, 1979], porous sintered brass exhibit no clearly defined 
dependence of strength on ductility or zinc content. 
Sintering atmosphere 
From the literature/data available on the composition and properties 
of sintered brasses, it is evident that at a given density the best combination 
of strength and ductility characterizes 30% zinc brasses, produced by 
sintering in the presence of a liquid phase (addition of 0.3-0.5 of 
phosphorus). 
Wicham et al [1973] has reported the production of brasses 
involving sintering on an endothermic atmosphere. The brass investigated 
contained 80% of zinc. Compacts were pressed under pressures of 480-800 
Mpa. As a lubricant 0.5% of lithium stearate was added to the charge. 
Sintering was performed in endogases with dew points ranging from -17 to 
+15°C. The rate of flow of endogas was varied in y he range 400-1200 
cc/min. The sintering temperature was 850-900°C. Zinc losses grew with 
rising temperature and dew point. At the least zinc losses the mechanical 
properties of sintered specimens were no worse, and in some cases were 
actually better, than those of specimens sintered in hydrogen or nitrogen, 
Kutty [1988] had reported that rapid heating and pressurized 
protecting atmosphere prevents loss of zinc vapours. Though nitrogen has 
reported as to be one of the best atmospheres for minimizing 
dezincification, however the presence of certain amount of hydrogen has 
been recommended to enable reduction of oxides. Another consideration 
for brass sintering is that the protecting atmosphere should have veiy low 
dew point for minimizing dezincification. The chemical composition of 
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sintered compacts is reported to have the same composition as that of the 
powder and the compacts have adequate ductility. 
According to Goetzel [1949] powder produced by mechanical 
crushing has flaky shape and with the exception of copper powder other 
powders produced by this method are unsuited for sintering. The author 
has recommended the use of closed boxes containing powder packs or 
sealed moulds for brass sintering which poses the problem of 
dezincification. Jones [1960] suggested low sintering temperatures, short 
times, dense pressings and dry atmospheres for sintering brass and 
eliminating dezincification. He also recommended zinc-containing 
atmosphere and referred to the investigations of brass sintering reported by 
Miller, Bradley and Toeplitz [Jones I960]. 
Sands and Shakespeare [1966] reported dezincification even with 
pre-ailoyed brass powder. He suggested the use of sealed boxes for brass 
sintering and eliminating dezincification. He also recommended the use of 
carbonaceous materials inside the boxes so as to reduce zinc loss by 
eliminating oxidation. Lenel [1980] attributed the cause of dezincification 
to the use of open trays and suggested to cover the trays to inhibit 
dezincification. He also suggested that for brass sintering, the atmosphere 
must be dry so that oxidation can be avoided. It is because even with some 
build-up of water vapour, due to limited circulation of atmosphere, cause 
oxidation. Dixon and Clayton [1971] have also reported loss of zinc during 
brass sintering. 
MPIF (ASM) recommends against the use of open trays for several 
reasons such as melting of brass parts due to overheating and premature 
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partial lubricant removal. At the same time, extremely gas tight protective 
set ups are avoided, as lubricant decomposition products may not be 
completely volatilized. 
Wickham and Geary [1973] used brass powder (Cu 78.5%, Zn 
20.0%, Pb 1.5%) blended with 05%) lithium stearate and produced tensile 
specimens at 456 and 620 Mpa compacting pressure. These specimens 
were sintered at 850 to 910°C in endothermic atmosphere with varying 
dew points. They reported that input gas dew point has a significant effect 
on dezincification. A 30 minute preheat time and a 30 minute sintering 
time were found to be adequate. To combat the lubricant bleed out 
problem, different amount of lubricants such as lithium stearate (0.25%) 
and zinc stearate 0.25%) were used for compacts produced at 620 Mpa 
compacting pressure. For compacts produced at higher pressures 775 Mpa, 
in addition to this change, pre-sintering was done in two steps at 202°C for 
10-15 minutes and 700°C for 10-15 minutes. Sintering was carried out for 
20 to 30 minutes at 860°C. It was concluded that P/M brass parts could be 
sintered in endothermic atmospheres as in the case of hydrogen, nitrogen 
or cracked ammonia. 
Afaq et al [Feb. 1993; April 1993] have reported the sintering of 
brass powder compacts by passing high electric current for short duration 
of time in controlled atmosphere of nitrogen gas. The sintered properties 
were found to be comparable to those obtained from conventional 
methods. Afaq et al [1994] have reported that the use of borax coating 
contributes an improvement in sintered properties of brass compacts. 
Moreover, borax coated brass compacts when sintered in open atmosphere 
gives the same properties as when they are sintered in protective 
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atmosphere without borax coating. According to HameeduUah [1993], 
nitrogen can economically replace hydrogen as the sintering atmosphere 
for processing brass P/M components. He has also standardized the 
temperature, time, and gas pressure of sintering brass by conventional P/M 
process. An attempt has also been made to process the compacts with 
coating of borax solution on the surface of the compacts. The results were 
encouraging. 
Sintering time 
The best result was obtained when powders were pressed cold, 
under a pressure of 800 Mpa with a lubricating addition of 0.25% of 
lithium stearate and 0.25% of zinc stearate [Wicham et al, 1973]. The 
sintering of brass (copper 80%, zinc 20%) was performed in several stages; 
low-temperature heating for 10-15 minutes at 200"C to remove the 
lubricant, preheating of parts (apparently to ensure an even temperature 
distribution) for 10-15 minutes at 700°C, and sintering for 20-30 minutes at 
850°C. 
Afaq et al [Feb. 1993; April 1993] passed direct current for 5 minutes 
through brass powder compacts. The sintered properties were reported to 
be comparable. Mechanical properties, when current was passed for 4 
minutes [Afaq et al, 1995], were also found to be comparable with those 
obtained through MFH technique. Ansari et al [1995] reported that 
physical-mechanical properties of brass powder compacts after passing 
alternating current through them for 5 minutes are also encouraging. 
Strength of sintered parts 
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The strength and ductility of sintered brass is reported to get 
increased when alloyed with small amount of red phosphorus (0.15-0.60 
wt.%) [Brown et al, 1971]. Phosphorus is added in powder form (a ground 
copper-phosphorus or copper-zinc-phosphorus master alloy). The optimum 
amount is 0.3%. In such a case the tensile strength is 250-270 Mpa at an 
elongation of 15%. The addition of 0.6% of phosphorus decreases the 
tensile strength to 170 Mpa while increasing the elongation to 17-18%. 
Metallograghic examinations have shown that the phosphide eutectic 
forming in sintered brass distributes itself along grain boundaries or forms 
separate inclusions. 
Another method of increasing the strength of brass is by repressing 
the parts, which also increases the density' of the material to 7.9-8.1 g^cc. 
The operation reduces die elongation of the material of a sintered part from 
15-17 to 8% [Cegielski, 1978; Terletskii et al, 1972; Terletskii et al, 1976; 
Groat, I960]. In manufacture of brass parts from powder, the greatest 
difficulties rise during sintering. Heating to the sintering temperature and 
isothermal soaking are accompanied by evaporation of zinc and the rate of 
evaporation rises with the increase of compact porosity. Sintering may also 
be accompanied by the fonnation of difficult-to-reduce oxides. A 
protective atmosphere (nitrogen, hydrogen, dissociated ammonia, or 
endogas) should contain not more than 2% water vapor [Willcock et al, 
1979]. An increase of concentration of water vapor to 5% decreases the 
values of physicomechanical properties of brass by half This is due to 
oxidation of zinc during its evaporation. In view of the marked volatility of 
zinc, high rates of heating, cooling, and minimum duration of sintering are 
recommended [Paller et al, 1966]. 
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Paule Matthews [1969] produced standard tensile test specimens at a 
pressure of 775 Mpa from 80/20 (leaded) 70/30, 90/10 (non-leaded) and 
several other copper-base alloys. Under different conditions, specimens 
were sintered in partially covered graphite trays in dissociated ammonia 
for 30 minutes. He observed that the mechanical properties increase with 
the zinc content. Improvements in mechanical properties were shown by 
re-pressing and repress-re-sintering. 
Effect of alloying elements 
Alloying can bring about a marked improvement in the processing 
ad physicomechanical properties of brasses. Cegielski [1979] reported a 
method developed for producing parts from brass powders of high nickel 
content, to the starting mixture were added powdered alkaline earth metal 
fluorides. The active additions reacted with the AI2O3 films forming during 
the sintering of brasses of the copper-nickel-aluminum system. The 
reaction of the fluorides with the brass particle surfaces promoted removal 
of the oxide films, thereby improving sintering conditions. The charge 
(composed of powders of particle size less than 0.16-mm) was pressed 
under pressure of up to I OOOMpa and sintered in hydrogen or nitrogen at 
600-1250T. The resultant materials, containing 10-30% of nickel and 
0.01-3.0% of alkaline earth metal fluorides, were found to exhibit good 
corrosion and wear resistance. 
An alloy of P/M brasses was patented [Jpn. Pat., May, 1972] 
containing 5-45 of zinc and 1-7 wt.% of cobalt, the remainder being 
copper. The addition of cobalt markedly increases sintering shrinkage, 
hardness and strength of sintered parts. A brass of composition 85.6 of 
copper, 8.8 of zinc, and 4.3 of cobalt was sintered for 30 minutes at 550°C. 
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There after the temperature was raised to S^^'C, for another 30 minutes. 
The parts change in size by 0.5%. At a density of 7.6 g/cc the tensile 
strength was 226 Mpa, the elongation 7%, and the hardness 85 HRB. 
Examination of results obtained shows that during sintering it is 
necessary to prevent evaporation and oxidation of zinc by employing 
protective packing materials and hermetic containers. Sintering should be 
performed, depending on the chemical composition of the brass and actual 
sintering conditions, at a temperature in the range 820-900't. Judiciously 
chosen sintering conditions enable P/M brass parts to be produces 
possessing satisfactory physicomechanical properties. 
Method of increasing the density of P/M parts 
The simplest and most widely used method of increasing the density 
of P/M blanks consists in re-pressing. Experience shows, however, that the 
relative density of repressed blanks does not exceed 90-93%, and is 
therefore insufficient for parts within which high electrical conductivity 
and good brazing ability. 
A more effective method of densification is a cold or hot forging. In 
recent years, the method of hot forging of porous blanks (HFPB) has been 
finding increasing application [Dorofeev, 1977]. HFPB includes the 
operations of cold pressing of a powder charge of the required 
composition, heating and holding of the resultant blank in a controlled 
atmosphere, hot re-pressing of the blank in a high-speed press, and, if 
necessary, final processing. Their object is to ensure that the process 
presents no practical difficulties, facilitates hot re-pressing, and widen 
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scope for improving the quality of the surfaces of the parts and the 
properties of materials. 
Dovydenkova et al [1983] has reported that the density of parts 
produced by hot forging (HF) method is almost as high as that of cast 
parts. Their physicomechanical properties, too, match those attained in 
solid materials. However, in the Soviet Union the HF method is not used 
for the manufacture of parts from copper alloy powders. 
Evans et al, [1976] has given a description of the HFPB of copper. 
He has also discussed resuhs of the investigations regarding the effect of 
powder particle size, temperature, and time of heating for forging, quality 
of sintering of blanks before forging, and die temperature on the density 
and mechanical properties of the specimens. It is shown that the properties 
of forging are strongly influenced by the last two factors. Copper possesses 
high thermal conductivity, as a result of which preheated blanks rapidly 
cool down, so that the re-pressing is in fact performed at a low 
temperature, determined by the temperature of the die. It would appear that 
in the HF of copper alloys it is necessary to employ preheated dies, which 
substantially increases the cost of installation and energy expenditure. 
Cold forging of sintered blanks is another method of producing parts 
with densities approaching their theoretical values. This process is 
accompanied by substantial defonnation of material in a direction 
perpendicular to the axis of pressing. During deformation, the blank 
undergoes a marked change in shape, which enables parts of complex 
configuration to be made from blanks of simple shape. The process is 
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characterized by shear deformation, which facilitates the flow of material 
into closed pores. 
Kuhn [1977] had shown that, with increasing degree of lateral 
deformation, the relative density of blanks grows, approaching 100%. 
Stresses vs. strain curves are given and theoretical expressions for the 
radial strain and Poisson's ratios function of relative density in free forging 
without friction are derived. It is noted that the character of the 
relationships derived is independent of the nature of the material being 
forged. The principle of obtaining forgings of high density is as follows: 
the shape and size of the blank must enable it to deform in a direction 
perpendicular to the axis of pressing, and the degree of deformation must 
be a maximum but such that cracks do not form on the expanding surfaces 
before they come into contact with the die walls. The final densification is 
achieved by re-pressing. Kuhn [1977] and Antes [1977] have demonstrated 
that the key problem in forging is the determination of an optimum shape, 
size, and density of the blanks. Criteria for choosing blanks have not yet 
been formulated and described in the literature. Clearly, however, there is a 
need for determining the permissible strain enabling blanks of the required 
porosit>' and height -to-diameter ratio to be obtained. This quantity 
probably depends also on the ductility of the material. 
Some investigators investigated the mechanical properties of 
materials produced by forging sintered blanks [Antes, 1977; Brown et al, 
1971; Knopp, 1969; Cundill et al, 1970; Gill, 1975; Bargainner et al, 
1970]. Forged P/M materials possess, after the same heat treatment, higher 
strength compared with conventional materials of the same chemical 
composition, but their elongation is 20-30% less. The existence of a linear 
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relationship between hardness and tensile strength is similar to those 
characterizing solid materials, has been observed. The most sensitive to 
residual porosity is the impact strength, which sharply grows only at 
porosity below 3%. 
In the forging of P/M materials, a strong influence on their 
mechanical properties is exerted by inclusions. When the strength of 
inclusions in a material exceeds that of the matrix, they undergo no 
deformation, and cracks or pores form at interfaces. The experimental 
results published by [Kuhn, 1977; Antes, 1977; Brown et al, 1971; Knopp, 
1969; Cundill et al, 1970; Gill, 1975; Bargainner et al, 1970] refer to the 
free forging of specimens. Whereas a real forging process consists of two 
stages - upsetting with lateral flow and repressing, and the relative strains. 
In these two stages, inevitably there will be a pronounced effect on the 
porosity and mechanical properties of P/M blanks. In the known literature 
no investigations have been made related to these matters. 
Analyzing the possibilities of employing the hot and cold forging 
methods for the production of parts with porosities of less than 3-5% from 
copper alloy powders, we can conclude that in this case (because of the 
high ductility of these alloys) the method of cold forging of sintered blanks 
is preferable in view of its greater simplicity and lower cost. 
The theory of forging of P/M materials has not yet been fully 
developed, and published experimental data necessary for calculating the 
shapes and sizes of blanks for forging are nonexistent. Nevertheless, this 
process already finds its application in tlie manufacture of parts of low 
residual porosity from copper, bronze, and brass powders [Eudier, 1978]. 
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It is obvious from the pertinent literature that only a limited efforts 
have been made to sinter brass contacts. Also, these attempts have not 
proved to be successful on the basis of product quality and economic 
viability. An economic sintering process calls for simple means of 
producing brass components through powder metallurgy route. Hence, the 
aim of the present work is to develop such an economically viable single 
sintering process for manufacturing brass products using P/M technique. 
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Chapter - 3 
Experimental investigations 
3.1 Objective 
To study the effect of(i) compaction pressure, (ii) current density 
and (Hi) time on (a) relative density, (b) densification parameter, 
(c) mass, (d) volume, (e) diameter, (f) compressive strength, (g) 
compressive strain and (h) hardness of engineering components made 
through pre-alloyed atomized brass powder. 
3.2 Experimental conditions 
Properties of brass powder 
Source 
Fuduka Metal Foil and Powder Co. Ltd., Nalatomocho, 
Nishinoyama, Yamashina-Ku, Kyoto-607, Japan 
Type Pre-alloyed Atomized Brass Powder 
Chemical Analysis 
Apparent Density 
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Copper: 
Zinc; 
3.31 g/cc 
70.1% 
29.9 % 
32 
Flow Rate \9A 
Screen Analysis 
Particle Size (um) 
+150 
+106 
+75 
+63 
+45 
-45 
Compaction condition 
Shape 
Diameter 
Thickness 
Mass 
Compaction Pressure 
Sintering Condition 
Time 
Ambient Temperature 
Atmosphere 
Flux 
Current Density 
1 seconds / 50g 
Amount (%) 
0.6 
8.3 
15.7 
10.2 
15.9 
49.3 
Cylindrical 
8.0+ 0.3 mm 
10 mm- 13 mm 
3 g - 5 g 
242 Mpa, 483 Mpa and 725 Mpa 
30, 60 and 90 seconds 
20 C 
Air 
Borax 
8.3MA/m-, 12.9 MA/m-
and 17.5 MA/m" 
The combinations of input variables used in the present 
investigation, according to 3^ factorial design of experiment, are tabulated 
inTl. 
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Table 1. Table for the combinations of input variables in the present investigation using 
3^ factorial design of experiment. 
242 
Compaction 
pressure 483 
(Mpa) 
725 
30 
+ 
+ 
+ 
8.3 
60 
+ 
+ 
+ 
90 
+ 
+ 
+ 
Current 
30 
+ 
+ 
+ 
density 
12.9 
Time 
(Sees.) 
60 
+ 
+ 
+ 
(MA/rr 
90 
+ 
+ 
+ 
r') 
30 
+ 
+ 
+ 
17.5 
60 
+ 
+ 
+ 
90 
+ 
+ 
+ 
'+' means that sintering is done under the stated input experimental conditions. 
Tables 
Properties under investigation 
Green properties: 
1. Mass 
2. Diameter 
3. Thickness 
4. Volume 
5. Density 
Sintered Properties: 
1. Mass 
2. Diameter 
3. Thickness 
4. Volume 
5. Density 
6. Densification Parajneter 
7. Hardness 
8. Compressive Strength 
9. Microstructure Properties 
3.3 Tools and equipment 
1. DIE AND PUNCH: 
Material K31 
Bore Size 8.0 + 0.1 mm 
Material of the Housing HC30 
Hardening Atmosphere Oil Quenching 
Make Design and Fabricated in the Laboratory 
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2. HYDRAULIC PRESS / COMPRESSION TESTING MACHINE 
Capacity 50 tons 
Least Count 66.67 kg 
Make USSR 
Model 1957 
3. MICROMETER 
Range 0 - 2 5 mm 
Least Count 0.01 
Make Moore & Wright (Sheffield) Ltd. England 
4. TRANSFORMER 
Phase Single 
5. AUTO-TRANSFORMER 
Number of autotransformer Used 2 
Make 
6. AMMETER 
Range 0 - 5 Amperes 
Least Count 0.1 Amperes 
Make 
7. AMMETER II 
Range 0-30 Amperes 
Least Count 0.2 Amperes 
Make 
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8. VOLTMETER 
Range 0 -300 Volts 
Least Count 2 Volts 
Make 
9. CURRENT TRANSFORMER 
Range 0 - 5 Amperes 
Least Count 0.1 Amperes 
Make 
10. RELAY 
Range 0 - 2 5 Amperes 
Operating Voltage 12 Volts 
Make 
11.POLISHING MACHINE 
12.MICROSCOPE 
13.CAMERA 
Model 
Make 
FX-
-7, 
Yashica 
super 
,Japan 
14.HARDNESS TESTING MACHINE 
(Vickers & Brinell) 
Model 1983 
Make VEB Werkstofiprufl&naschinen, Leipzig. 
Made in German Democratic Republic 
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3.4 Experimental set-up 
The circuit diagram of the set-up to pass electrical current is shown 
in Fig. 1 and Plate PI shows the photograph of the set -up. 
3.5 Procedure 
The walls of dies and punches (upper and lower punches) are 
cleaned with balls of cotton, rinsed with acetone and lubricated with borax. 
The cavity of the die and punch assembly is filled with approximately 4.0 
gm of Copper: Zinc:: 70: 30 brass powder. After placing outer jacket, the 
whole assembly is pressed by a hydraulic compacting machine at a slow 
speed to avoid impact loading up to a predetermined load (at one of the 
three levels). The pressing is ejected out. The weights, diameters and 
thicknesses of mechanically interlocked components are noted. Their 
respective relative density of each compact is calculated. 
Passage of current through mechanically interlocked 
components 
Electronic timer is set for any one of the three time conditions 
i.e. 30 seconds, 60 seconds, 90 seconds, and 120 seconds. A mechanically 
interlocked component is mounted bet\\'een the jaws of a device designed 
to hold it such that electric current can flow axially and remains uniform in 
radial direction. Hot junction of a themiocouple is placed on the mounted 
compact. The current is allowed to flow through the specimen with the 
help of autotransformers. Increasing t.he supply voltage up to the 
predetermined level increases the intensity of current density. It is 
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440V 
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12V 
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Wattmeter 
M L 
Transfarmer 
(440/9V) 440V,5800A 
UJT 
2N2646 
{5f 
440\/,5800A 
Relay 
switch 
iiKn G/j^) SCR - L i 
25V 
Time delay trigger circuit 
object 
Fig 1 Circuit diagram of the set-up used to pass dc current through 
mechanically interlocked specimen 
Pl.l Photograph of the setup used to pass electric current through 
compacts. 
P1.2 Photograph of the current terminals (T1 &T2) for a specimen (S) 
with a thermocouple (C). 
Photographs 
observed that at the required level, the current is found to be difficult to 
keep constant; rather there is a rise in the magnitude of current as time 
elapses time. Regulating the autotransformer manually controls the 
variation in the current density. The maximum supply voltage, maximum 
supply current, maximum effective current at the jaws holding a specimen 
and the maximum potential drop across the cold junction of the 
thermocouple are recorded. The supply of current through the specimen is 
stopped / discontinued by a relay attached to the electronic timer circuit 
after elapse of preset time. The specimen is taken out of the jaws of the 
holding device and is replaced by another mechanically interlocked 
compact. Likewise, 5-6 compacts are treated for each set of predetermined 
experimental conditions. Mass, diameter and thickness of the components 
(after passing electric current) are noted. Their relative densities are 
calculated. 
To measure Brinell hardness (HB) of a processed specimen, its one 
face is grounded on an emery paper of grade 2000[Hamer et al, 1982]. Its 
HB is determined after measuring the indentation obtained at 15.625-62.5 
kg (153-613N) of load with spherical indenter of diameter 2.5 mm. 
To measure of compressive strength, a treated specimen held 
between a pair of milled and grounded HC steels plates (50 mm x 60 mm x 
25 mm) are aligned with the bed of a compressive strength-testing 
machine. Tlie ram of the machine is kept at a gap of 5 - 10 mm Irom the 
HC steel plate. To avoid impact loading, the specimens are loaded slowly. 
The thicknesses of the specimens are (1.0 + 0.5) times their diameters to 
avoid any buckling etc. Thus the compressive strength of at least three 
specimens at a particular experimental condition is obtained. 
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The Mean of fi ± 3cr values of all the sintered properties at each 
experimental condition is calculated and noted for analysis. 
To preparation of a specimen for micrography, one face of a 
processed and sintered specimen is grounded with the help a polishing 
machine and emery paper. The grade of the emery paper is replaced 
sequentially as 100, 200, 400, 600, 1000 and 2000. The specimen is forther 
polished with the help of the sylvet cloth and alumina (AI2O3). The grade 
of the alumina is changed sequentially till all the micro-scratches are 
removed. The degreasing of the surface is done with acetone. 
Polished surfaces of the specimens are etched by swabbing it with a 
bowl of cotton moistened with ferric chloride (FeCK). A colour photo film 
at 150X and 500X magnifications of the etched surfaces are taken in 
subdued light (not in direct sunlight). Tlie shutter speed of 7 - 15 seconds 
with ASA 100 (ISO 100) film gives good details of the structure under 
study. 
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Chapter - 4 
Discussion of results 
Sintering is a process in which powder particles are bonded by 
atomic or molecular attraction in a solid state by heating. During sintering, 
changes in shape of the pores and reduction in volume reduce surface 
energy. This is performed under controlled conditions of temperature, time 
and atmosphere etc. so as to produce a coherent mass. 
Sintering proceeds in three phases. Initially, neck growth between 
particles proceeds rapidly, but powder particles retain their identity. In the 
second phase - when most of the densification occurs - the structure is 
recrystallized, where upon powder particles lose their separate identities 
and dififiise in to each other. In the third phase, isolated pores begin to 
spheroidize, and densification progresses at a slower rate. 
Heating cycle is an important part of the process. During its early 
stages delubrication (if any) takes place and sufficient time should be 
allowed for the escape of lubricant vapours. This stage is called pre-
sintering. Once the pre-determined sintering tenperature is reached 
soaking time has to be given depending on the properties desired. The 
compact is then cooled depending on the cooling rates selected. A 
protective atmosphere eliminates contact of the compact with air. 
Circulation of this atmosphere helps to carry away the unwanted vapours. 
4 - Discussion of results AQ 
Sintering of brass requires special attention to eliminate 
dezincification. Methods suggested in literature [Smirygin, 1974] failed to 
provide a solution for this. Hence exhaustive experiments were conducted 
to arrive at effective input parameters to get the best mechanical properties 
in sintered brass products. 
In the present work, a study is carried out to observe the effect of 
compaction pressure, time and current density on the properties of brass 
powder compact. 
An electric current heats a component when flows through it. The 
amount of heat is directly proportional to square of the magnitude of 
current, resistance to flow of current by it and duration of flow of current 
through the body. The electrical resistance is a material property. The 
resistance at contacting surfaces termed as contact resistance is more and 
cannot be neglected. Hence, when current is passed through a powder 
compact, surfaces of particles are more heated than their bodies. During 
compaction of metal powders, it is almost not practical to obtain a 100% 
homogenous compact. It is due to this, contact resistance at a particular 
location of the compact it may be the lowest. Obviously, the current 
density at that location is increased drastically and a huge amount of 
current flows through that location. It is therefore said that a hot spot is 
developed there. The huge amount of heat at the point under consideration 
causes (i) an abrupt increase in internal pressure by heating entrapped air 
in pores, and (ii) an increase in the rate of vaporization of zinc. Thus, grain 
growth is hampered due to the formation of this hot spot and is to be 
avoided. 
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An electric current when allowed to flow through mechanically 
interlocked brass compact transfers energy to the particles resisting its 
flow. The particles get heated after receiving this energy. The electrical 
resistance at the point of contact of mechanically interlocked particles is 
more because of surfaces of two different particles. Heating is more at 
these points of contact. The rise in temperature of the particles causes 
interparticle activities like diffusion and mass transfer etc. These processes 
get expedited with an increase in heating by increasing the current density. 
However the current density should be under control to avoid the 
formation of a hot spot so that temperature rise at that location may not be 
excessively high and dezincification may be prevented. Moreover, the 
metals may also react with the surrounding atmosphere at an elevated 
temperature. In the present case, they may react with surrounding air and 
may get oxidized. This heating elevates the temperature of the powder 
particles and it's surrounding. However at a particular experimental 
condition, the following reactions may occur: 
(i) Zinc vapours may consume some amount of air entrapped in 
pores. This reduces internal pressure in pores. This may cause 
shrinkage in pores size consequently reducing the dimensions 
of the specimen. 
(ii) Volatile zinc may vaporize decreasing the mass of the 
compact if the rise in temperature is very high. 
(iii) Zinc vapours may react with the surrounding air to form its 
oxides. This increases the mass of the compact. 
(iv) Entrapped air in pores may react with zinc vapours. This may 
increase the mass of the compact. 
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(v) Heating of entrapped air may increase the internal pressure of 
the air in pores. This may result to an increase in dimensions 
of the specimen. 
(vi) Escaping zinc vapours may be arrested in pores increasing the 
partial pressure of zinc vapours. It may cause an increase in 
internal pressure on pore walls and consequently increase the 
dimensions of the compact. If the heating of compact is not 
controlled, then the internal pressure of entrapped air in pores 
and partial pressure of zinc vapours become so high that they 
exceed the mechanical interlocking force of powder particles. 
This breaks the interlocking of the particles giving a wide 
passage for their escape. Moreover if the rate of heating is 
high, then cause fragmentation of the compact. Zinc vapours 
while escaping may reacts with air to form their oxides. 
(vii) With an increase in temperature, coalition of particles 
initiation with neck growth may proceed. This may cause 
decrease in dimension and volume of the compact. 
The observations under these investigations are examined in the 
light of the above probable reasons. In these investigations, a direct current 
at three levels of current density is allowed to flow through mechanically 
interlocked compact at three levels of compaction pressure for three 
predetermined periods of time. The current is flown axially through the 
faces of the cylindrical compact. The current is suddenly brought to the 
predetermined level of current density and is seized to flow suddenly after 
predetermined duration. 
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4.1 Morphological / Metallographic studies 
There are various methods to study morphology of an engineering 
product. A product can be rejected by means of visual perception 
(morphology). In most cases, visual perception is not a measure of 
acceptance. However to get detail information regarding the constitution 
and structure of metals and alloys, micrographs are preferred by 
researchers/metallurgists. In the present study, photograph of each sample 
is presented for visual perception supported by its corresponding 
micrograph (Plate P2-P26). 
4.2 Relative density and related properties: 
Relative density is a primary physical property of an engineering 
component. It is therefore necessary to study the effect of input process 
parameters on this property. This mechanical property depends on the mass 
of the component and its volume. The volume depends upon its 
dimensional properties. Moreover, sintering process effects relative density 
causing an effect on densification parameter of the component. 
Densification parameter is mathematically defined as: 
Densification parameter = (pa - pb) / (Pc - Pb) 
where, pa and pb are relative densities of the component after and before 
sintering process and pc is the relative density of cast brass. 
Moreover, in the present discussion, the term "% change in mass" is 
defined mathematically as: 
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% Change in mass =100 (nia - nib) /nig 
where, ma and irib are masses of the component after and before sintering 
process. 
In the similar way mathematical definitions of "%change in volume", 
•"%change in diameter" etc. can be given. 
Therefore, in the following paragraphs effects of input variables on 
these physical and mechanical properties of the sintered product are dealt 
exhaustively. 
Powder metallurgy compacts are not normally produced to 100% 
density. Relative density of compacts may vary from 40 to 95% depending 
on low, medium and high-density parts. Though unsintered parts are 
seldom used in practice, the obtainable sintered density of a component, in 
addition to sintering parameters, also depends on green density i.e. the 
density after compaction of powder. Process parameters such as 
compacting pressure, method of compaction, etc., greatly influence this 
property. Relative density of product i.e. sintered relative density of 
component is analysed at three levels of compacting pressure after passing 
direct current at three levels of current density for three levels of time 
duration. 
As no lubricant was blended with the powder instead die lubrication 
was employed, there is no loss in mass due to lubricant bleed out. A gain 
or loss in mass is therefore only due to reaction of zinc with the 
surrounding air or due to dezincification of a compact. An increase in 
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volume is due to expansion of the compact or a decrease in volume is due 
to coalition of powder particles during the passage of current. Signs of zinc 
white on cylindrical surface of a specimen show its difiiision to the surface 
from interior portion. High rate of transfer of electrical energy to heat 
powder particles may enable to arrest the vaporization of zinc. But, due to 
high temperature, segregation of zinc on the particle surface may take 
place. This weakens the compact and prevents the formation of bonds at 
particle interfaces. In brief, properties of a powder metallurgy brass 
component are influenced by various parameters viz. compaction pressure, 
current density and cycle time for passage of electric current. Hence their 
effects on the properties of the product are discussed below in detail. 
4.2.1 Effect of current density 
The electrical energy (/" Rt) transferred to heat powder particles 
depends upon the magnitude of current (J), electrical resistance (R) of the 
conductor and the duration (t) of current flow. It is therefore necessary to 
study the effect of current density on relative density of product at various 
experimental conditions. 
Compaction pressure of 242 Mpa 
Relative density of product after passing direct current of the order 
of 8.3 MA/nf varies from 5.49 - 5.52 when compacted at 242 Mpa (Fig. 
2.1). Figure 2.2 shows that densification parameter is varying from 0.004 -
0.018 at the same experimental conditions. Figure 2.3 shows a gain in mass 
ranging 0.15% - 0.35% at this level of compaction pressure and current 
density. As no lubrication of powder is applied during compaction process, 
the gain in mass may be due to oxidation of zinc. It is also evident from 
milky white spots on or near the faces of samples {sample numbers (sno's) 
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6114 (Plate P2.1), 6211 (Plate P3.1) and 6312 (Plate P4.1)} and milky 
white coaxial crescent on samples (sno's 6115, 6213 and 6315). Though 
figure 2.5 shows gain in diameter varying from 0.23% - 0.55%, yet loss in 
thickness of-1.0 —1.5% (not shown in any figure) causes a net loss in 
volume (Fig. 2.4) of -0.65% - -0.9% at this level of compaction pressure 
and current density. The positive densification parameter and the overall 
decrease in volume may be due to inter particle fusion (Plate P2.2, P3.2 & 
P4.2) and recrystallization of particles, which may have taken place during 
the passage of electric current. 
An increase in current density to a level of 12.9 MA/m" decreases 
relative density to a range of 5.42 - 5.49 with a reduction in densification 
parameter to -€.018 - 0.004. With the increase in current density, the mass 
of the product also has reduced to a range of -0.17% - 0.22%. The 
decrease in mass may be due to escape of zinc vapours so much so that the 
mass may have reduced by -0.17% after passing current for 30 seconds 
(Fig. 2.3). . However, the evaporation of zinc has caused dezincification of 
compacts (Plate P5.2, P6.2 & P7.2). The diameter is increased (0.55% -
1.15%) with the increase in current density. Due to a decrease in thickness 
(-0.7 - -4.7%) with the increase of current density, the volume also shows 
its proportional decrease (-0.8% —0.95%). Probably the increase in 
current density may have increased the partial pressure of zinc vapours that 
may have caused some recovery of the dimensional losses. It may be due 
to these reasons relative density and hence densification parameter is also 
reduced. The samples show an increase in sizes etc. of the milky white 
spots and the milky white crescent {sno's 6121, 6123, 6124 and 6125 
(Plate P5.1) and all the samples in Plate P6.1 and P7.1}. These are the 
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P2.1 Photograph of products sintered at Jl = 8.3 MA/m , PI = 242 Mpa 
and Tl = 30 seconds. 
P2.2 Micrograph of products sintered at Jl - 8.3 MA/m ,^ PI = 242 Mpa 
and Tl = 30 seconds (F shows persistence of original particle boundaries 
under going interparticle fusion). 
Photographs U 
P3.1 Photograph of products sintered at Jl = 8.3 MA/m , PI = 242 Mpa 
and Tl = 60 seconds. 
P3.2 Micrograph of products sintered at Jl = 8.3 MA/m , PI = 242 Mpa 
and Tl = 60 seconds (F shows persistence of original particle boundaries 
under going interparticle fusion). 
Hiotographs 
m 
P4.1 Photograph of products sintered at Jl = 8.3 MA/m , PI = 242 Mpa 
and Tl = 90 seconds. 
P4.2 Micrograph of products sintered at Jl = 8.3 MA/m , PI = 242 Mpa 
and Tl = 90 seconds (F shows persistence of original particle boundaries 
under going interparticle fusion; D indicates dezincification). 
Photc^rajiis 
IV 
P5.1 Photograph of products sintered at J2 = 12.9 MA/nF, PI = 242 Mpa 
and Tl = 30 seconds. 
P5.2 Micrograph of products sintered at J2 = 12.9 MA/m , PI = 242 Mpa 
and Tl = 30 seconds (F shows persistence of original particle boundaries 
under going interparticle fusion). 
V 
P6.1 Photograph of products sintered at J2 = 12.9 MA/m , PI = 242 Mpa 
and Tl = 60 seconds. 
P6.2 Micrograph of products sintered at J2 = 12.9 MA/m', PI = 242 Mpa 
and Tl = 60 seconds (W indicates zinc white. ZnO). 
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P7.I Photograph of products sintered at J2 = 12.9 MA/m , PI = 242 Mpa 
and Tl = 90 seconds. 
P7.2 Micrograph of products sintered at J2 = 12.9 MAJm, PI = 242 Mpa 
and Tl = 90 seconds (F shows persistence of original particle boundaries 
under going interparticle fusion; D indicates dezincification). 
Photografiis 
VE 
P8.1 Photograph of products sintered at J3 = 17.5 MA/m ,^ PI =242 Mpa 
and Tl = 30 seconds. 
P8.2 Micrograph of products sintered at J3 = 17.5 MA/m , PI = 242 Mpa 
and Tl = 30 seconds (F shows persistence of original particle boundaries 
under going interparticle fusion; D indicates dezincification). 
vin 
oxides formed by the reaction of escaping zinc vapours with the 
surrounding air. 
A further increase in current density to 17.5 MAJrrr may increase 
the rate of vaporization of zinc so much so that partial pressure of zinc 
vapours becomes very high and the component bursts into pieces. A 
coating of thin film of zinc white is seen on the fragments (Plate P8.1). 
Compaction pressure of 483 Mpa 
The product compacted at 483 Mpa shows a relative density varying 
from 6.2 - 6.3 (Fig. 3.1) with densification parameter of about 0.03 (Fig. 
3.2) when direct current of 8.3 MA/m" is allowed to pass through it. There 
is an increase in mass from 0.23% - 0.43% (Fig. 3.3) when current of the 
order of 8.3 MA/m" is passed. It may be due to the formation of oxides. 
Milky white coaxial crescents also appear on the faces of some sample 
sintered on these experimental conditions (sno's 7112, 7113 (Plate P9.1) 
and sno's 7313 and 7314 (Plate PI 1.1)}. Black spots, may be some 
metallic oxides, are also observed on some sintered samples {all samples 
in Plate PlO.l; sno 7115 (Plate P9.1) and sno's 7311, 7313 and 7315 (Plate 
PI 1.1)}. There is a decrease in volume from -0.8% - -0.9% (Fig. 3.4) and 
also in diameter from -0.2% — 0.3% (Fig. 3.5) with the increase in 
current density. The positive densification parameter and the losses in 
diameter and volume are indicatives of inter particle fiision, grain grov^h 
and reduction in pore size (Plate P9.2, PI 0.2 & PI 1.2). 
An increase in current density to 12.9 MA/m" is found to increase 
product relative density with the decrease in densification parameter and 
the gain in mass, though there is an increase in diametric and volumetric 
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Fig. 3.1. Effect of currant density on relative density of product. 
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P9.1 Photograph of products sintered at Jl = 8.3 MA/m , PI = 483 Mpa 
and Tl = 30 seconds. 
P92 Micrograph of products sintered at Jl = 8.3 MA/m~. PI = 483 Mpa 
and Tl = 30 seconds (F shows persistence of original particle boundaries 
under going interparticle iusion). 
DC 
PlO.l Photograph of products sintered at Jl = 8.3 MA/m', PI = 483 Mpa 
and Tl = 60 seconds. 
P10.2 Micrograph of products sintered at Jl = 8.3 MA/m. Pi 
and Tl = 60 seconds (F shows persistence of original particle 
under going interparticle fusion). 
- 483 Mpa 
boundaries 
Photogra0is 
Pi:.l Photograph of products sintered at Jl = 8.3 MA/m , PI = 483 Mpa 
ancTl ==90 seconds. 
PI 1.2 Micrograph of products sintered at Jl = 8.3 MA/m . PI = 483 Mpa 
and Tl = 90 seconds (F shows persistence of original particle boundaries 
under going interparticle flision). 
Photi3graphs 
XI 
losses. The decrease in gain in mass shows that some zinc may have 
vaporized and have escaped with the increase in current density. Milky 
white crescent on the faces of sno's 7321 and 7323 (Plate PI4.1) and some 
black spots these samples and in some remaining ones (sno's 7124 in Plate 
PI2.1 and 7221, 7223 and 7224 in Plate P13.1) are also observed. These 
may be the oxides of escaping metal vapours. While the recovery in 
dimensional losses confirms the increase in internal pressure of zinc 
vapours entrapped in pores while escaping and air trapped in pores during 
compaction. As the rate of the decrease in gain in mass is less than the rate 
of increase in the dimensional losses, the net relative density curves show 
the increase. Probably due to these reasons densification parameter may 
have reduced with the increase in current density. Nevertheless, 
interparticle fusion is improved with the increase in current density (Plate 
P12.2, P13.2&P13.2). 
Further increase in current density to a level of 17.5 MA/m^ causes a 
reduction in densification parameter from -0.01 - 0.018 and a loss in 
product relative density to a value of about 6.27. Moreover, the gain in 
mass remains practically constant as it is found at the level of 12.9 MA/m" 
of current. The black spot (sno's 7131 and 7132 in Plate P15.1) and milky 
white spots and crescents (sno's 7233, 7232 in Plate PI6.1 and nearly all 
the samples in Plate PI 7.1) are also found to be larger than those observed 
at 12.9 MA/m . While diametric and volumetric losses are observed to 
continue their recovery witli the increase in current density. The gain in 
mass is practically constant with the increase in current density. It may be 
due to a balance between oxidation of zinc and escape of its vapours. 
However, internal pressure due to vapours of zinc in pores has caused the 
expansion of pores. It has caused proportional recovery of dimensional 
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P12.1 :^hotograph of products sintered at Jl = 12.9 MA/m , PI = 483 Mpa 
and Tl =30 seconds. 
PI 2.2 Micrograph of products sintered at Jl = 12.9 MA/m". PI = 483 Mpa 
and Tl = 30 seconds (F shows persistence of original particle boundaries 
under g^ing interparticle fiision). 
Xll 
PI 3.1 Photograph of products sintered at Jl = 12.9 MA/m", PI = 483 Mpa 
and Tl = 60 seconds. 
P13.2 Micrograph of products sintered at .1 = 12.9 MA/m , PI = 483 Mpa 
and Tl = 60 seconds (F shows persistence of original panicle boundaries 
under going interparticle fiision). 
Photc^rafhi 
XIU 
P14.1 Photograph of products sintered at Jl = 12.9 MA/m , PI = 483 Mpa 
and Tl = 90 seconds. 
P14.2 Micrograph of products sintered at Jl = 12.9 MA/m , PI = 483 Mpa 
and Tl = 90 seconds (F shows persistence of original particle boundaries 
under going interparticle fusion). 
Photcgr^te 
XIV 
P15.1 Photograph of products sintered at Jl = 17.5 MA/m , PI = 483 Mpa 
and Tl = 30 seconds. 
P15.2 Micrograph of products sintered at Jl = 17.5 WLMm. PI = 483 Mpa 
and Tl = 30 seconds (F shows persistence of original panicle boundaries 
under going interparticle fosion and D indicates dezincification). 
Photcgraphs 
XV 
PI6.1 Photograph of products sintered at Jl = 17.5 MA/m . PI = 483 Mpa 
and Tl = 60 seconds. 
P16.2 Micrograph of products sintered at Jl = 17.5 MA/m", PI = 483 Mpa 
and Tl = 60 seconds (F shows persistence of original particle boundaries 
under going interparticle fiision and D indicates dezincification). 
Photograpts XVI 
P17.1 Photograph of products sintered at Jl = 17.5 MA/m-, PI = 483 Mpa 
and Tl = 90 seconds. 
PI 7.2 Micrograph of products sintered at Jl = 17.5 MA/m , PI = 483 Mpa 
and Tl = 90 seconds (F shows neck forming between two adjacent particles 
and D indicates dezincification). 
Hiotograpte XVU 
losses. Moreover a few pimples, golden in colour, are found to appear on 
the surfaces of sno's 7334 and 7335 (Plate P17.1). Dezincification of 
specimens (Plate PI5.2, PI6.2 & PI 7.2) has taken place with the increase 
of current density. However the micrographs show that the increase in 
current density has improved the grain growth with interparticle fusion. 
Compaction pressure of 725 Mpa 
The relative density of product compacted at the level of 725 Mpa is 
observed to be in the range of 6.66 - 6.78 (Fig. 4.1) with densification 
parameter of about 0.025 (Fig. 4.2) and a gain in mass from 0.16% - 0.27% 
(Fig. 4.3), a diametric loss of about -0.2% (Fig. 4.5) and a loss in volume 
of -0.44% - 0.58% (Fig. 4.4) when direct current is flown at a level of 8.3 
MA/m". At this level of compaction pressure, the closeness of particles 
increases the affinity to interparticle activities causing improved inter-
particle fusion and grain growth. It is therefore; the positive densification 
parameter and the dimensional losses are due to fijsion between particles 
causing their coalition (Plate P18.2, PI 9.2 & P20.2). The formation of zinc 
oxides {a sign of white patch (on sno 8115 in Plate 18.1 and sno 8315 in 
Plate P20.1) and milky white crescents (all the samples in Plate PI9.1) of 
zinc oxide, is seen and a few black spots (may be some other oxides) on 
others} by the escaping zinc vapours with the surrounding air has caused 
the gain in mass. 
An increase in current density up to 12.9 MA/m" is found to increase 
the relative density to a range of 6.67 - 6.82. The range of densification 
parameter (.016 - .033) is widened. There may be specific combinations of 
current density and time at particular compaction pressure for an equal rate 
of oxidation and volumetric expansion. Probably that specific combination 
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may lie somewhere near the present experimental condition. This may 
have caused widening of the densification parameter. However, the gain in 
mass is decreased to about 0.15% with the increase in the current density. 
Probably there is an increase in the rate of evaporation of zinc with the 
increase of the current density (the size of milky white crescents and black 
spots, seen on specimens at 12.9 MA/m" of current and respective sintering 
time, are observed to be bigger than those at 8.3 MA/m, Plate P21.1, 
P22.1 & P23.1). And the change in volume and in diameter is recovered to 
some extent with the increase in current density. Respective micrographs 
show increased grain size (Plate P21.2, P22.2 & P23.2). Hence, there is an 
increase in the rate of fusion between particles. Consequently dimensional 
reductions are observed. The densification parameters at 12.9 MA/m" of 
current density are noted to be the maximum at all level of sintering time 
exceeding 30 seconds, which are indications of second phase sintering 
(during which grain growth occurs) and third phase sintering (at which 
recrystallization of grains takes place). 
A further increase in current density to 17.5 MA/m^ causes a 
decrease in the relative density of the product with further decrease in gain 
in mass and increase in dimensional recovery. Dezincification of compacts 
(Plate P24.2, P25.2 & P26.2) is also observed. It may be due to the further 
increase in escape of zinc vapours from the product. Enlarged pores due to 
zmc escape dominate at current density of 17.5 MA/m with sintering time 
of 90 seconds (Plate P26.2). It may be because of an increase in partial 
pressure of zinc vapours or may have increased internal pressure of 
entrapped air in pores. Some of the escaping zinc vapours formed its oxide 
with surrounding air. However, the sizes of white crescent and black spots 
are increased proportionately (Plate P24.1, P25.1 & P26.1). The rate of 
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PI 8.1 Photograph of products sintered at Jl = 8.3 MA/m , PI = 725 Mpa 
and Tl = 30 seconds. 
PI 8.2 Micrograph of products sintered at Jl = 8.3 MA/m , PI = 725 Mpa 
and Tl = 30 seconds (F shows persistence of original particle boundaries 
under going interparticle fusion). 
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P19.1 Photograph of products sintered at Jl = 8.3 MA/m , PI = 725 Mpa 
and Tl = 60 seconds. 
PI9.2 Micrograph of products sintered at Jl = 8.3 MA/m , PI = 725 Mpa 
and Tl = 60 seconds (F shows persistence of original particle boundaries 
under going interparticle fusion). 
Photogra{te 
XIX 
P20.1 Photograph of products sintered at Jl = 8.3 MA/nT. PI = 725 Mpa 
and Tl = 90 seconds. 
P20.2 Micrograph of products sintered at Jl = 8.3 MA/m . PI = 725 Mpa 
and Tl = 90 seconds (F shows persistence of original particle boundaries 
under going interparticle fiision). 
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P21.1 Photograph of products sintered at Jl = 12.9 MA/m , PI = 725 Mpa 
and Tl = 30 seconds. 
P21.2 Micrograph of products sintered at Jl = 12.9 MAInf, PI = 725 Mpa 
and Tl = 30 seconds (F shows persistence of original particle boundaries 
under going interparticle fiision). 
Hiotographs 
XXI 
P22.1 Photograph of products sintered at Jl = 12.9 MA/m , PI = 725 Mpa 
and Tl = 60 seconds. 
P22.2 Micrograph of products sintered at Jl = 12.9 MA/m . PI = 725 Mpa 
and Tl = 60 seconds (F shows persistence of original particle boundaries 
under going interparticle fusion). 
xxii 
P23.1 Photograph of products sintered at Jl = 12.9 MA/m , PI = 725 Mpa 
and Tl = 90 seconds. 
P23.2 Micrograph of products sintered at Jl = 12.9 MA/m , PI = 725 Mpa 
and Tl = 90 seconds (F shows persistence of original particle boundaries 
under going interparticle fusion). 
xxm 
P24.1 Photograph of products sintered at Jl = 17.5 MA/m , PI = 725 Mpa 
and Tl = 30 seconds. 
P24.2 Micrograph of products sintered at Jl = 17.5 MA/m , PI = 725 Mpa 
and Tl = 30 seconds (F shows persistence of original particle boundaries 
under going interparticle fusion). 
Hiotographs 
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P25.1 Photograph of products sintered at Jl = 17.5 MA/m, PI = 725 Mpa 
and Tl = 60 seconds. 
P25.2 Micrograph of products sintered at Jl = 17.5 MA/n?^ PI = 725 Mpa 
and Tl = 60 seconds (F shows persistence of original panicle boundaries 
under going interparticle fiision). 
Hiotographs 
XXV 
P26.1 Photograph of products sintered at Jl = 17.5 MA/m, PI = 725 Mpa 
and Tl = 90 seconds. 
P26.2 Micrograph of products sintered at Jl = 17.5 MA/m^ PI = 725 Mpa 
and Tl = 90 seconds (F shows persistence of original particle boundaries 
under going interparticle fusion). 
Photographs 
XXVI 
decrease in mass gain with respect to current density is less above 12.9 
MAJn?. It may be so because of the rate of escaping of zinc vapours above 
12.9 MA/n? is more than the rate of oxidation of zinc. However partial 
pressure of air trapped in pores and zinc vapours arrested may have caused 
the observed dimensional recovery with the increase in current density so 
much so that a volumetric gain of 1.2% is observed when time exceeds 60 
seconds and the level of current density is increased to 17.5 MA/m". 
Entrapped zinc white (Zinc oxide) is also observed (Plate P26.2). 
Moreover, the pimples on the surface of sintered product (sno 8333, Plate 
P26.1) and inflammation at the edges (sno 8331, Plate P26.1) are also 
noted. These observations limit the level of current density. It should be 
less than 17.5 MA/m" to get better result. 
4.2.2 Effect of sintering time 
Sintering cycle is an important parameter of P/M process. Sufficient 
time should be allowed for the escape of lubricant vapours. This stage is 
called pre-sintering. The temperature is then raised to a pre-determined 
sintering temperature. Once the pre-determined sintering temperature is 
reached soaking time has to be given depending on the properties desired. 
During sintering, low melting solid impurities left out in the compacts are 
vaporized leaving voids as they escape. Low melting alloying metals also 
try to escape changing the alloy composition during soaking time as the 
temperature is sufficiently high Also gases that get entrapped during 
compaction expand. This causes dimensional changes. Hence a 
predetermined sintering time is to given to achieve properties desired in 
compacts. 
Compaction pressure of 242 Mpa 
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Relative density after passing direct current for 30 seconds through 
brass component compacted at 242 Mpa is observed to be fi-om 5.47-5.51 
(Fig. 5.1) and the densification parameter ranges irom -0.017 - 0.005 (Fig. 
5.2). A change in mass varying from -0.18% - 0.15% (Fig. 5.3) with 
diametric gain of 0.58% - 0.8% (Fig. 5.5) while volumetric loss of- 0.65% 
-0.95% (Fig. 5.4) are observed. The loss in thickness of-1.2 - ^ . 8 % 
(not shown in figure) causes a net loss in volume at this level of 
compaction pressure and sintering time even though there is a gain in 
diameter. Thus inter particle flision and the grain growth has occurred with 
the loss in mass (Plate P2.2 & P5.2). When current of 12.9 MA/m^ is 
passed, vaporization of zinc and its escaping may get accelerated causing 
the in mass. While oxidation of escaping vapours of zinc, at the level of 8.3 
MA/m' may have caused the gain in mass. However, the inter particle 
fusion and proportional grain growth confirms the cause of volumetric 
loss. The decrease in densification parameter to - 0.018 is probably due to 
the loss in mass at 12.9 MA/m~ of current. Hence sufficient time is to be 
given for the completion of the process even at the higher levels of current 
density. 
An increase in sintering time to 60 seconds increases the relative 
density to 5.49 - 5.52. Densification parameter has also increased to 0.003 
- 0.018 with an increase in mass to 0.22% - 0.34% decrease in diameter to 
a range of 0.22% - 0.55% and change in volume to a range of -0.8% - -
0.9%. Therefore the increase in time has increased the rate of fiision and 
the grain growth. The increase in mass indicates the oxidation of zinc 
(milky white spots and milky white crescents are depicted on samples in 
Plate P3.1 & P6.1) has increased with the lapse of time. Similarly the 
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decreases in volumetric loss shows that inter particle fusion and grain 
growth (Plate P3.2& P6.2) are accelerated with time. 
A further increase in time to 90 seconds is found to decrease in 
relative density to a range of 5.42 - 5.49 and also a decrease in 
densification parameter to -0.01 - 0.017. A decrease in mass and an 
increase in diameter and volume are also observed. The decrease in mass is 
due to sufficient time for zinc vapours to escape (Plate P4.2 & P7.2). The 
partial pressure of entrapped zinc vapours may have caused an expansion 
of the pores causing a proportional increase in dimensional properties. The 
reduction in densification parameter to -0.015 at 12.9 MA/m of current 
density shows that the current is required to be ceased after passing for a 
sufficient time at these experimental conditions. Otherwise escaping of 
zinc vapours and expansion due to their partial pressure are highly 
objectionable. Plate P7.2 shows some specimens (bending of sno 6323 and 
some tiny droplets on the surface of sno 6324 can be seen with milky white 
crescents on their faces). 
Compaction pressure of 483 Mpa 
The components compacted at 483 Mpa, is observe to have relative 
density ranging between 6.2 - 6.42 after passing current for 30 seconds 
(Fig. 6.1). Densification parameter varies from 0.018 - 0.03 (Fig. 6.2) at 
this experimental condition. Figure 6.3 shows a gain in mass of 0.15% -
0.23%, figure 6.5 shows a diametric loss of 0% — 0 3 % and figure 6.4 
shows a volumetric loss of -0.54% —1.01%. Oxidation of zinc has 
caused the gain in mass (Plate P9.1,P12.1 &P15.1). While volumetric and 
diametric losses may have occurred due to grain growth and inter particle 
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fusion (Plate P9.2, P12.2 & P15.2). The posMi^^ value of^ 4eBs**fcation 
parameter is also due to the same reasons. 
An increase in sintering time to 90 seconds reduces the range of 
relative density to 6.26 - 6.33 (Fig. 6.1) and densification parameter to -
0.01 - 0.03, by increasing the gain in mass (Fig. 6.3) and gaining some 
recovery in diametric loss (Fig. 6.5) and volumetric loss (Fig. 6.4). Thus 
oxidation of zinc is increased with the increase in sintering time. 
Moreover, the intemal pressure of entrapped zinc vapours is also increased 
causing some dimensional recovery. Nevertheless, interparticle fiision and 
grain growth is improved with the increase in sintering time (Plate PI 1.2, 
P14.2&P17.2). 
It is noticed that at 483 Mpa of compaction pressure, the 
densification parameter is reduced to -0.01 when 17.5 MA/m" of current is 
passed for 90 seconds. It is, therefore, necessary that the time of passing 
current through a compact should be less than 90 seconds if the level 
density is 17.5 MA/m~. Plate PI 7.1 shows samples with squeezed surface 
and/or pimples on the surfaces (sno's 7333, 7334 and 7335). Hence, at 483 
Mpa of compaction pressure, it limits the level of current density at 12.9 
MA/m" and processing time at 60 seconds. 
Compaction pressure of 725 Mpa 
When the level of compaction pressure is increased to 725 Mpa, the 
relative density of component ranges between 6.67 and 6.68 (Fig. 7.1) and 
densification parameter from 0.015 - 0.027 (Fig. 7.2) after the flowing 
electric current for 30 seconds with a gain in mass of 0.061% - 0.16% 
(Fig. 7.3) which may be due to oxidation of zinc, a loss in diameter of -
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0.18% - -0.22% (Fig. 7.5) and a loss in volume of-0.32% - -0.55% (Fig. 
7.4) with the positive densification parameter may be due to interparticle 
fusion and grain growth. 
An increase in sintering time increases the relative density to 6.65 -
6.67 with densification parameter ranging fi"om 0.01 - 0.033. However the 
oxidation of zinc may have increased with time as the mass is increased to 
0.08% - 0.27% after 90 seconds. Sintering time is seems to have practically 
no effect on dimensional changes up to 60 second but their recoveries are 
observed after a lapse of 90 seconds. It shows that partial pressure of 
arrested zinc vapours and entrapped air has increased when the current is 
passed for 90 seconds resulting in proportional expansion of holes and the 
dimensions. The pimples and inflammations in some of the processed 
specimens (Plate P26.1) observed suggest that the processing time is to be 
kept below 90 seconds. 
4.2.3 Effect of Compaction Pressure 
Relative density of P/M products highly depends on compaction 
pressure. In the following paragraphs the effect of compaction pressure on 
relative density, densification parameter, mass, volume and diameter of 
product is studied. 
Current density of 8.3 MA/m^ 
Relative density of product when compacted at a level of 242 Mpa 
and direct current of 8.3 MA/m" is passed through it is found to be about 
5.5 (Fig. 8.1) and densification parameter ranging from 0.004 - 0.018 (Fig. 
8.2) with gain in mass of 0.14% - 0.34% (Fig. 8.3) and diameter of 0.25% -
0.58% (Fig. 8.5). There is a volumetric loss of-0.65% - -0.9% (Fig. 8.4) 
at this experimental condition. It is due to the gain in mass and volumetric 
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loss, the positive densification parameter is depicted. During the passage of 
current, the gain in mass is due to the formation of oxides by the escaping 
vapours of zinc. However, the volumetric loss, which has caused a 
proportional reduction in volume, shows interparticle fusion and grain 
growth (Plate P2.2, P3.2 & P4.2). 
An increase in compaction pressure to 483 Mpa is found to increase 
relative density of product to about 6.25 (Fig. 8.1). The increase in 
compaction pressure also increases densification parameter to about 0.03 
with an increase in the gain in mass. Wliile the increase in compaction 
pressure has caused a sharp decrease in diameter up to 483 Mpa with 
practically no change in the volumetric loss. 
When compaction pressure exceeds 483 Mpa, the densification 
parameter decreases to a range of 0.02 - 0.027 at 725 Mpa with a little 
effect on the gain in mass. The further increase in compaction pressure has 
caused practically no effect on diametric loss but some recovery in 
volumetric loss is observed. The gain and loss in densification parameter, 
mass, diameter and volume show that two processes are occurring 
simultaneously viz. (a) formation of zinc oxide by escaping vapours of 
zinc with the surrounding air and (b) inter particle fusion with grain 
growth. Initially increase in compaction pressure effects the grain growth 
with little effect to check oxides formation. The further increase in 
compaction pressure arrests escaping vapours of zinc Thus it restricts them 
to react with the surrounding air and form oxides. 
Current density of 12.9 MA/m^ 
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When direct current of 12.9 MA/m^ is passed through the compacts, 
relative density of product is observed to be about 5.45 (Fig. 9.1) and 
densification parameter varies from -0.017 - 0.005 (Fig. 9.2) of coirqjonent 
compacted at 242 Mpa with gain in mass from -0.15% - 0.27% (Fig. 9.3) 
and diameter from 055% -1.2% (Fig. 9.5) but loss in volume of-0.8% - -
0.95% (Fig. 9.4). 
An increase in compaction pressure to 725 Mpa increases the 
relative density to 6.68 - 6.82 and densification parameter to a range of 
0.02 - 0.035. Oxidation of zinc is also checked causing a decrease in gain 
in mass (Fig. 9.3). However, a net volumetric loss is observed to have 
recovered to some extent with the increase in compaction pressure. It is 
due to the formation of some amount volatile zinc into vapours. The partial 
pressure of zinc vapours, thus formed at higher level of current (12.9 
MA/m~), has caused the expansion of the pore size. 
Current density of 17.5 MA/m^ 
High current of 17.5 MA/m~ cannot flow through parts compacted at 
242 Mpa, as the entrapped air and zinc vapours develop high pressure on 
pore walls causing disintegration of the component. 
But when component is compacted at 483 Mpa, relative density is 
observed to be about 6.27 (Fig. 10.1) and densification parameter of-0.01 
- 0.018 (Fig. 10.2). Due to the formation of zinc white, a gain in mass of 
0.13% - 0.22% (Fig. 10.3) and a gain in diameter of-0.08% - 0.18% (Fig. 
10.5) are depicted. A loss in volume of about -0.6% (Fig. 10.4) due to 
fijsion is seen at this experimental condition (PI5.2, PI6.2 & PI7.2). 
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An increase in compaction pressures to 725 Mpa increases the 
relative density to about 6.68 and densification parameter to 0.008 - 0.02. 
However reduction in gain in mass may be due to vaporization of zinc 
while some recovery in volumetric loss indicates the expansion of pore 
size caused by an increase in internal pressure of arrested zinc vapours. 
Nevertheless positive densification parameter shows that grain growth has 
also taken place (P24.2, P25.2 & P26.2). 
4.2.4 Statistical Analysis: 
Many experimental situations require the examinations of the effects 
of more than one input variables. In a complete exploration of such 
situation, it is sometimes necessary that all combinations of different levels 
of input variables must be examined in order to elucidate the effect of each 
variable and the possible ways in which each variable may be modified in 
the variation of the others. In the statistical analysis of the experimental 
results the effect of each variable can be determined with the same 
accuracy as if only one factor had been varied at a time, and the interaction 
effects between the input variables can also be evaluated. 
When input variables are measurable the experiments lead to a curve 
expressing the results in terms of the levels of the variables. Statistically 
the parameters of this curve may be calculated and their behaviour with the 
levels of the other input variables may be assessed. 
In the present work, effects of three measurable input variables 
(current density, compaction pressure and time of passing current through 
compact) each at three levels are studied on sintered properties (relative 
density, densification parameter, mass, volume, diameter, hardness 
compressive strength and strain) of products. Six products at each 
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experimental condition are studied. The mean value at each experimental 
condition is used for graphical as well as statistical analysis. In the 
following paragraph 3x3x3 factorial analysis of experiments for relative 
density, densification parameter, mass, volume and diameter are discussed 
in detail. 
Main effects 
Current density: 
Table 1 shows that statistically current density has highly significant 
linear and quadratic effect on sintered relative density of product with 
more that 99% level of confidence (Table 2). Densification parameter 
(Table 3) and sintered mass (Table 4) are affected linearly (more than 99% 
confidence and 95% confidence respectively) by current density. Sintered 
volume is affected linearly as well as quadratic with more than 99% level 
of confidence and 95% level of confidence respectively by current density 
(Table 5). However, current density does not have statistically significant 
effect on sintered diameter (Table 6). It is because the effect of current 
density on sintered diameter (discussed graphically) is much lower than 
that due to compaction pressure. Hence it is statistically insignificant. 
The effect on sintered volume is the combined effect of diameter 
and thickness of the product. It is due to this, that through current density 
does not seem to affect sintered diameter of product, its effect on the 
product of thickness and square of diameter (i.e. sintered volume of the 
product) is significant statistically. The partial pressure of zinc vapours 
may have increased with the increase in current density proportionately 
increasing the sintered volume. The balance between escaping and 
oxidation of zinc vapours may be increasing with the increase in current 
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Table 2. Table for Analysis of variance for 3^ design of experiment for relative density 
of product. 
Source of variation Sum of 
squares 
Degree 
of 
freedom 
Mean 
square 
Variance 
ratio 
Maximum 
a-value 
Main effects 
J: Linear (Lj) 
Quadratic (Qj) 
T: Linear (LT) 
Quadratic (Qj) 
P: Linear (Lp) 
Quadratic (Qp) 
Two-Factor interaction 
LJLT 
QJLT 
LJQT 
QjQr 
LjLp 
LjQp 
QjLp 
QjQp 
LTLP 
LTQ? 
QTLP 
QiQp 
Three- inctor 
interactions 
Total 
15.2536 
5.44671 
1.8x10"^ 
7.4x10^ 
41.70889 
7.541341 
4.8x10' ' 
3.999x10^ 
2.777x10" 
3.704x 10^ 
22.46803 
7.765514 
7.111109 
2.122405 
-3 8.533x10 
9.000x10"* 
2.1777 X 10" 
9.2589x10"-
1.539 X 10'-
109.452 
1.9237 
x 10"' 
7929.003 
2831.264 
0.935664 
3.850x10 
21680.78 
3920.07 
2.495 
0.209 
0.144 
0.925 X 10" 
11679.15 
4036.606 
3696.439 
1103.251 
4.435719 
0.467832 
1.132025 
4.8129 X 10"-
-3 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.05 
'i iifiles 
Table 3. Table for Analysis of variance for 3 design of experiment for densification 
parameter of product. 
Source of variation Sum of squares Degree 
of 
freedom 
Mean 
square 
Variance 
ratio 
Maximum 
a-value 
Main effects 
J: Linear (Lj) 
Quadratic (Qj) 
T: Linear (Lj) 
Quadratic (QT) 
P: Linear (Lp) 
Quadratic (Qp) 
Two-Factor interaction 
LJLT 
QJLT 
LJQT 
QJQT 
LjLp 
LjQp 
QjLp 
QjQp 
LjLp 
LTQP 
QTLP 
QTQP 
Three- factor interactions 
L1202X10'-
6.6666x10 -7 
1.901x10' 
5.581 X 10"' 
1.486x10 
6.448x10^ 
2.539x10' 
4.946x10'-
7.111 xlO^ 
8.003x10^ 
4.320x10' 
1.284x10^ 
3.660x10^ 
2.253x10^ 
2.296x10" 
3.264x10^ 
1.361 x 10^  
4.563x10^ 
3.140x10^ 
-3 
3.9250 
xlO'^ 
28.539 
1.698x10'-
0.4844 
1.4220 
37.882 
16.427 
6.469 
1.260 
1.811 x 10 
0.203 
-3 
0.110 
3.272 
9.326 
5.740 
0.585 
8.315 
3.467 
0.116 
0.01 
0.01 
0.01 
0.05 
0.10 
0.05 
0.05 
0.05 
0.10 
Total 5.167x10 -3 
rabies 
Table 4. Table for Analysis of variance for 3^ design of experiment for mass of product. 
Source of variation 
Sum of squares Degree 
of 
freedom 
Mean 
square 
Variance 
ratio 
Maximum 
a-value 
Main effects 
J: Linear (Lj) 
Quadratic (Qj) 
T: Linear (Lx) 
Quadratic (Qr) 
P: Linear (Lp) 
Quadratic (QP) 
Two-Factor interaction 
LJLT 
Q;LT 
LJQT 
QJQT 
L/LP 
LJQP 
QjLp 
QjQp 
LrLp 
LTQP 
QTLP 
QTQP 
Three- factor interactions 
0.136 
8.401 X 10' 
0.112 
1.499x10' 
3.484 X 10"' 
3.345x10"-
7.600x10"" 
6.266x10"-
3.061 X 10"^  
1.199x10"-^ 
7.854x10"-
3.673 xlO"' 
3.441 X 10"-
2.227x10"' 
8.427 X 10"' 
9.538x10"-' 
4.622x10"-
3.136x10"^' 
0.103123 1.289 
xlO"-
10.582 
6.517x10 
8.763 
1.163x10"-
2.703 
2.595 
0.589 
4.861 
0.237 
9.309x10"-
0.609 
2.849x10"-
2.669 
1.727 
0.653 
0.739 
3.586 
0.243 
-2 
0.05 
0.05 
0.10 
0.10 
Total 0.6285605 
Tables 
Table 5. Table for Analysis of variance for 3 design of experiment for volume of 
product. 
Source of variation Sum of squares Degree 
of 
freedom 
Mean 
square 
Variance 
ratio 
Maximum 
a-value 
Main effects 
J: Linear (Lj) 
Quadratic (Qj) 
T: Linear (LT) 
Quadratic (QT) 
P: Linear (Lp) 
Quadratic (Q?) 
Two-Factor interaction 
LJLT 
QJLT 
LJQT 
QJQT 
LJLP 
LJQP 
QjLp 
QJQP 
LrLp 
LTQP 
QrLp 
QTQP 
Three- factor interactions 
1.516 
0.367 
0.393 
0.164 
0.444 
0.704 
0.205 
2.320x10"-
7.335 X 10--
4.750 xlO"' 
1.068x10' 
0.203 
9.465x10"-
8.068x10"' 
0.430 
2.230x10"^ 
0.140 
1.968x10'^ 
0.5066518 6.333 
xlO"^ 
23.948 
5.803 
6.220 
2.594 
7.015 
11.124 
0.01 
0.05 
0.05 
0.05 
0.05 
3.247 
3.663 X 10"' 
1.158 
0.750 
0.168 
3.216 
1.494 
1.274 
6.804 
0.352 
2.224 
0.310 
0.10 
0.10 
0.10 
0.05 
Total 5.430395 
Fables, 
Table 6. Table for Analysis of variance for 3^ design of experiment for diameter of 
product. 
Source of variation Sum of squares Degree 
of 
freedom 
Mean 
square 
Variance 
ratio 
Main eflfects 
J: Linear (Lj) 
Quadratic (Qj) 
T: Linear (LT) 
Quadratic (Qj) 
P: Linear (Lp) 
Quadratic (Qp) 
Two-Factor interaction 
LJLT 
QJLT 
LJQT 
QJQT 
LjLp 
LjQp 
QjLp 
QiQp 
LTLP 
LTQP 
QrLp 
QTQP 
Three- factor interactions 
Total 
-2 2.622x10 
0.197 
5.656x10"-
4.652 X 10'-
1.460 
0.133 
4.013x10"-
4.466x10"^ 
3.025 X 10"-^  
2.526x10"-
8.217x10"' 
0.661 
0.301 
0.477 
5.334 X 10"^  
0.155 
0.140 
5.490 X 10"-
0.9449494 
4.85714 
0.1181 
0.221 
1.675 
0.478 
0.393 
12.368 
1.126 
0.339 
0.378 
2.560x10"-
0.213 
0.695 
5.602 
2.550 
4.042 
4.515x10'-
1.313 
1.185 
0.464 
Tables 
density that effect sintered mass. Consequently, statistical affects of 
relative density and densification parameter are significant. 
Effect of sintering time: 
Relative density, densification parameter and sintered diameter of 
product are statistically remains unaffected by the time of passing current 
through the specimen (Table 2,3 and 6). However, the time of passing 
current statistically affects sintered mass and sintered volume linearly with 
more than 95% confidence (Table 4 & 5). 
With the passage of time, a balance between oxidation of zinc and 
escaping of zinc vapours may be changing afiFecting the sintered mass 
statistically. The change in volume may be due to the change in partial 
pressure of zinc vapour that increases with time. The net effect of time on 
relative density and densification parameter remains statistically 
unaffected. 
Compaction pressure: 
Table 2 shows that compaction pressure effects relative density 
linearly as well as quadratic with more than 99% level of confidence. 
Densification parameter shows same trend with respect to compaction 
pressure (Table 3). There is statistically no effect of compaction pressure 
on the sintered mass of product (Table 4). However, compaction pressure 
effects sintered volume linearly as well as quadratic to level of more than 
95% but less than 99% confidence (Table 5). Quadratic effect is relatively 
more significant that linear. Sintered diameter of product is statistically 
affected by compaction pressure linearly with more than 99% confidence 
level (Table 6). 
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As compaction pressure statistically affects sintered diameter, it 
affects the sintered volume, relative density and densification parameter 
proportionately. The significant effects may be due to a decrease in pore 
size of the specimen with the increase in compaction pressure. As there is 
no affect in sintered mass due to increase in compaction pressure, it also 
remains statistically insignificant. 
Two-factors interaction effects: 
Linear current density and linear time interaction effect is significant 
on densification parameter (between 95% and 99% of confidence) and 
sintered volume (less than 90% of confidence) of product but not 
statistically significant on other related properties of product. 
Quadratic current density and linear time interaction effect is 
significant on only sintered mass (between 90% and 95% of confidence) of 
product and is in significant on other related properties. 
(I) Quadratic current density and linear time interaction and (ii) 
quadratic current density and quadratic time interaction effects are not 
significant on relative density and related properties of product. 
There is linear current density and linear compaction pressure 
interaction effect on relative density of product with more than 99% level 
of confidence without having significant effect on densification parameter, 
sintered mass, volume and diameter. 
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Linear current density and quadratic compaction pressure interaction 
effect on relative density, densification parameter sintered volume and 
diameter are statistically significant (with more than 99% less than 90%, 
less that 90% and between 95% and 99% of levels of confidence 
respectively) and have no significant effect on sintered mass of product. 
Quadratic current density and linear compaction pressure interaction 
statistical effect on relative density and densification parameter are 
significant with more than 99% and between 95% and 99% levels of 
confidence respectively. This interaction effect on sintered mass; volume 
and diameter are not statistically significant. 
Quadratic current density and quadratic compaction pressure inter-
action effect has statistically significant effect on relative density (more 
than 99% confidence), densification parameter (between 95% and 99% 
confidence) and sintered diameter (between 90% and 95% confidence) of 
the product. 
Linear time and linear compaction pressure interaction effect is 
significant on relative density (between 90% and 95%) confidence) and 
sintered volume (between 95% and 99% confidence) of the product and 
has no significant effect on densification parameter, sintered mass and 
diameter of the product. 
Linear time and quadratic compaction pressure interaction effect is 
significant on densification parameter (between 95% and 99% confidence) 
of product while statistically not significant on relative density, sintered 
mass, volume and diameter. 
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Quadratic time and linear compaction pressure interaction effect is 
significant on densification parameter and sintered mass of product 
between 90% and 95% confidence. And has statistically no significant 
effect on relative density, sintered volume and mass of the product. 
Quadratic time and quadratic compaction pressure interaction effect 
is not statistically significant on any of the above sintered properties of the 
product. 
A mathematical model developed to relate relative density with 
compaction pressure, current density and time. It is found to be correct up 
to 1.46% of errors. It is given below: 
Relative density = 1.6973 */^ '''^- *7*-^^^ * / 028 
Where, P is the compaction pressure in Mpa, T is the time of 
passing current through the compact in seconds and / is the current density 
in MyVm". 
4.2.5 Effect of heating using electrical energy 
To produce a strong coherent mass of a P/M product, heat treatment 
(or sintering) is given to a mechanically compressed contact. In the 
process of sintering, transport of material occurs at the point of contact 
between two particles. It causes fiision and the growth of neck that joins 
them. To achieve the desired properties in a P/M product, the most 
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common mechanism is the diffusion of atoms along the surface and their 
deposition in the neck region at vacancies. The rate of diffiision is highly 
influenced by heating. Thus conventional methods of heating are used for 
this purpose. Alternately, here electrical energy is used for the same 
purpose. 
If / current pass through a material, the power input and the energy 
input are //? and fRt respectively (where R is the resistance of material). 
Hence ft is a measure of the electrical energy supplied to the material. If, J 
is current density, i.e. the amount of current flowing per unit area of the 
material, then J'^ r gives a measure of the energy as given below: 
^1, 
Power input = I~R 
Energy input = l~Rt 
= r//Area;-. (Area)-. Rt 
= (7;-(Area)- Rt 
Therefore electrical energy supplied to the component is 
proportional to J t, if its cross sectional area and R are considered to be 
constant. 
In the present study, electrical energy supplied to the component is 
controlled to regulate J't parameter. In fact, this controls the heating of the 
compact to achieve the desired properties. Electrical energy is supplied to 
different compacts (compaction pressure 242, 483 and 725 Mpa). Here the 
relative densities and related properties of the sintered compacts arte 
studied. 
Compaction pressure of 242 Mpa 
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After passing f't of about 2100, the relative density of the product 
was observed 5.5 (Fig. 11.1). At this experimental condition, the 
densification parameter of 0.005 (Fig. 11.2) and volumetric loss of-0.7% 
(Fig. 11.4) are achieved. The positive densification parameter and 
volumetric loss show that ftision between powder particles, neck formation 
and grain growth have taken place. In contrary, the oxidation of escaping 
vapours of volatile zinc has caused a gain in mass of 0.15 % (Fig. 11.3). A 
diametric gain of 0.6 % (Fig. 11.5) was observed due to electrical heating. 
The loss in thickness at this experimental condition was very high. It is due 
to this reason the volumetric loss was observed though there was a 
diametric gain. 
An increase in f't parameter to 15000 reduces the relative density to 
5.4 as well as the densification parameter, proportionately. A small 
reduction in volumetric loss was observed with the increase in electrical 
energy- input. It might have improved the oxidation of zinc with increased 
gain m mass. Moreover, it has also increased the gain in diameter that may 
be due to an increase in the partial pressure of zinc vapours entrapped in 
pores. 
For consideration of all practical purposes a mechanically 
interlocked specimen is not homogeneous. Therefore, at a specified level 
of current density, it varies fi"om point to point according to the contact of 
the mating surfaces of powder particles. At a point, if the current density is 
high, a hot spot may get developed. Thus high temperature at the hot spot 
increases the rate of evaporation of volatile zinc. The internal pressure in 
the pores is highly increased. The internal pressure may even exceed the 
interlocking force resulting the fi-agmentation of the compact under 
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Fig. 11.1 Effect of electrical energy on relative density of product 
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process. This phenomenon was observed for specimens compacted at 242 
Mpa. When the current density exceeded 12.9 MA/m", within the range of 
input energy under the present investigation, the compacts disintegrated 
into pieces. The J~t parameter, at these experimental conditions, was 9000 
or exceeded 15000 while current density parameter was 17.5 MA/m". 
Compaction pressure of 483 Mpa 
The relative density and densification parameter of specimen, 
compacted at a level of 483 Mpa, are observed to be 6.2 and 0.028 
respectively when the level of input / / parameter / / parameter is 2100. At this 
experimental condition, 0.23 % gain in mass due to oxidation of zinc has 
occurred. The interparticle fusion and grain growth (Plate P9.2) have 
caused diametric and volumetric losses. 
An increase in input electrical energy has a little effect on the 
relative density but the densification parameter decreases to very low level 
(- 0.01 at J"! parameter of 25400) with an increase in volumetric loss. With 
the increase in energy, there is a reduction in gain in mass. The gain in 
mass may be due to the formation oxides of escaping vapours of zinc. The 
increase in input energ\' may have increased the partial pressure of zinc 
vapours causing the recovery m volumetric loss. 
Though the specimen disintegrates if compacted at 242 Mpa. 
However, at higher levels of compaction pressure, the interlocking force is 
strong enough. It may resist the partial pressure developed at the hot spot 
by evaporating zinc or the improvement in surface contact between the 
powder particles may have avoided the formation of a hot spot. Therefore 
the properties of product remain almost unaffected. 
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Compaction pressure of 725 Mpa 
After supplying the electrical energy (at f't parameter = 2600), the 
relative density of product is further improved from 6.2 - 6.6. And the 
trend of variation of densification parameter, gain in mass, volumetric and 
diametric losses were found same as it was for the specimen compacted at 
483 Mpa. 
When input energy is increased, the relative density remains 
constant and densification parameter decreases continuously but remains 
positive. There are diametric and volumetric losses with the increase in 
input energy but with some recoveries as compared to that at lower level of 
electrical energy input. The positive densification parameter and losses in 
the diameter and volume depict the decrease in pore dimensions and fusion 
of particles. The increase in compaction pressure has also reduced the 
passages to escape zinc vapours, thus it has improved the trap to arrest 
them. Moreover, the traces of zinc white, formed due to oxidation of 
escaping vapours of zinc, are found on the surfaces of the specimens 
(Plates PI8.2 to P26.2). It has caused the gain in mass. 
The partial pressure of entrapped zinc vapours becomes so high that 
it has caused some recoveries in diametric and volumetric losses. The 
increase in compaction pressure has increased the mechanical interlocking 
force between powder particles. It has also improved the homogeneity of 
the compact and reduces the chance to form hot spots. 
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4.3 Compressive strength and strain 
The term tension test and compression test usually refer to tests in 
which a prepared specimen is subjected to a gradually increasing (i.e. 
"static") uniaxial load until failure occurs. The static tension and 
compression tests are the most commonly made and are among the 
simplest of all mechanical tests. Since the beginning of scientific testing, 
these tests, have occupied a large share of attention, and great and probably 
well-merited confidence has been placed in the value and significance of 
both the tests. 
When properly conducted on suitable test specimen, these tests, of 
all tests, come closest to evaluating fundamental mechanical properties for 
use in design, although it should be observed that the tensile and 
compressive properties are not necessarily sufficient to enable the 
prediction of performance of materials under all loading conditions. When 
standard methods of tests are employed, the results are acceptable criteria 
of quality of materials with which sufficient experience has accumulated to 
provide assurance that a given level of quality means satisfactory 
behaviour in service. Such tests imply the standardization of specimens 
with regards to size, shape, and method of preparation and the 
standardization of procedures of testing. As with any test, however, for 
newly developed materials, the tension and compression tests should be 
used with caution as quality level indicators because the significance of 
these tests is limited by their correlation with performance. 
Properly conducted tests on representive parts can be valuable in 
indicating directly the performance of such parts under loads in service. 
Suitable tests of specimens of fabricated parts subjected to specific 
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treatments can be of use in evaluating quantitatively the affect of such 
treatments. 
Although insofar as the sense or direction of stress is concerned 
compression is merely the opposite of tension, there are several factors that 
make the tension or the compression test the more desirable in a specific 
case. The most important of these factors are (1) suitabilit>' of the material 
to perform under a given type of loading, (2) differences in properties of a 
material under tensile and compressive loading, and (3) relative difficulties 
and complications induced by the gripping of or end bearing on the test 
pieces. 
The type of service to which a material is to be subjected largely 
determines the use of the tension as opposed to the compression test. There 
are, however, several special limitations to the compression test that 
deserve attention [Davis et al, 1982]: -
1. The difficulty of applying a truly concentric or axial load. 
2. The relatively unstable character of this type of loading contrasted 
with tensile loading. There is always a tendency for bending stresses 
to be set up and for the effect of accidental irregularities in 
alignment within the specimen to be accentuated as loading 
proceeds. 
3. Friction between the heads of the testing machine or bearing plates 
and the end surfaces of the specimen due to lateral expansion of the 
specimen. This may alter considerably the results that would be 
obtained if such a condition of test were not present. 
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4. The relatively large cross-sectional areas of the compression test 
specimen required obtaining a proper degree of stability of the piece. 
This results in the necessity for a relative large-capacity testing 
machines or specimens so small and therefore so short that it is 
difficult to obtain from them strain measurements of suitable 
precision. 
It is presumed that the simple compression characteristics of 
materials are desired and not the column action of structural members, so 
that the discussion here is confined to the short compression blocks. Still, 
for some materials the failure modes in compression may well include 
microscopic buckling. 
Ductile and soft material, like copper and soft steel, cannot be 
ruptured in compression. The bulges, increase in diameter under increasing 
stress, and finally become plastic at the stress of fluidity. That is, the 
deformation proceeds under a constant actual stress, per unit of defonned 
area, and is permanent. The product of deformation and load (or normal 
stress) is then constant, and is expressed by a rectangular hyperbola. 
In the present case, keeping the above facts in view and 
experimental limitations, conpression tests are conducted. The result of 
the tests is discussed in the following paragraph. 
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4.3.1 Effect of current density 
At compaction pressure of 242 Mpa 
The compressive strength of product, compacted at 242 Mpa and 
current of 8.3 MA/m^ is passed is 12 - 18 Mpa (Fig. 12.1). The 
compressive strain at this experimental condition is 0.22 - 0.26. 
An increase in current to 12.9 MA/m decreases the strength to 8 -
15 Mpa and the strain is decreased to 0.16 - 0.25 (Fig. 12.2). The low 
compressive strength with brittle fracture may be due to inhomogeneous 
grain growth and arresting of zinc vapours between the gaps and pores of 
powder particles. The increase in current density seems to have increased 
the zinc vapours at the grain boundaries, which has caused the decrease in 
strength as well as strain. 
At 17.5 MA/m", the partial pressure of zinc vapours increases to 
such a high value that the specimens burst. So the strength cannot be 
measured. 
At compaction pressure of 483 Mpa 
At 8.3 MA/m of current and an increase in compaction pressure to 
483 Mpa, there is an increase in compressive strength of the product to 13-
22 Mpa (Fig 13.1). The respective strain is 0.13 - 0.25 (Fig. 13.2). An 
increase in compaction pressure makes the powder particles closer and 
decreases the pore size. Thus, the trap to arrest the escaping vapours of 
zinc is improved. In other words, the evaporation of zinc is a little 
controlled. 
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Fig. 12.1. Effect of current density on compressive strength of product. 
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An increase in current density to a level of 12.9 MA/m increases 
the compressive strength and strain to as high as 39 Mpa and 0.3 
respectively. Further increase in current density increases the partial 
pressure of zinc vapours decreasing the strength and the strain. The rate of 
increase in the strain is low. 
At compaction pressure of 725 Mpa 
At 8.3 MA/m^ of current density, fiirther increase of compaction 
pressure to 725 Mpa, ranges the compressive strength from 25 - 50 Mpa 
(Fig 14.1) and strain from 0.24 - 0.34 (Fig. 14.2). They increase with an 
increase in current density to about 58 Mpa and 0.38 respectively at 17.5 
MA/m". However, at this level of compaction pressure and sintering time 
of 90 seconds, zinc vapours seems to get sufficient time to escape. It may 
be due to this, the mechanical properties of tlie product are reduced with an 
increase in current densit>'. 
4.3.2 Effect of sintering time 
At compaction pressure of 242 Mpa 
Fig. 15.1 and 15.2 show that after passing current for 30 seconds 
through specimen compacted at 242 Mpa, the compressive strength and 
strain of the product are about 10 Mpa and 0.18 respectively. 
An increase in sintering time to 60 seconds seems to increase the 
interparticle fiision increasing the strength and strain. The relative density 
and densification parameters obtained under this experimental condition 
(Figs. 5.1 and 5.2) also confirm this statement. 
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Further increase in sintering time does not affect the strength and 
strain of those specimens through which 8.3 MA/m^ of current is passed. 
But the strength decreases when a current density exceeds 8.3 MA/m . 
At compaction pressure of 483 Mpa 
For the product is compacted at 483 Mpa, after passing current for 
30 seconds, the compressive strength ranges from 13-36 Mpa (Fig. 16.1) 
and strain from 0.13 - 0.35 (Fig. 16.2). From the trends of the curves it can 
be seen that an increase in sintering time reduces the range of deviation in 
the compressive strength and strain of the product. However, at medium 
current value the compressive strength drops sharply when sintering time 
exceeds 60 seconds. 
At compaction pressure of 725 Mpa 
Product compacted at 725 Mpa shows an improvement in 
compressive strength and strain (Fig 17.1 and 17.2). Strength varies 
between 25 - 58 Mpa and strain ranges from 0.24 - 0.37. At this high level 
of compaction pressure, the powder particles are more closely packed and 
hence better sintering have occurred. The strain curves follow the same 
trend as that at 483 Mpa. But when the current density exceeds 12.9 
MA/m~, partial pressure of zinc vapours exceeds the mechanical 
interlocking forces between particles and vapours of volatile zinc escape. It 
may have caused obstruction to interparticle fiision and grain growth. It is 
therefore; the compressive strength and strain may have reduced 
proportionately. 
4 - l>iscussion of results 74 
Fig 171 Effect of processing time on compfessive strength of pnxluct 
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4.3.3 Effect of compaction pressure 
At current density of 8.3 MA/m 
Compaction pressure plays an important role on mechanical 
behaviour of sintered products. At 242 Mpa of compaction pressure, 
compressive strength of product is 11-18 Mpa when current of 8.3 MAm" 
is passed (Fig. 18.1). When compaction pressure is increased to 483 Mpa, 
it increases to 13 - 21 Mpa. Further increase in compaction pressure to 725 
Mpa cause a sharp increase in compressive strength. 
At 242 Mpa, the compressive strain is about 0.23 (Fig. 18.2). When 
compaction pressure is increased to 483 Mpa, it increases to 0.13 - 0.25 
except the curve for sintering time of 30 seconds. It may be due to 
immature sintering of particles. Further increase in compaction pressure 
cause a sharp increase in compressive strain. 
An increase in compaction pressure decreases the pores between the 
particles due to which there is the increase in compressive strength and 
strain. 
At current density of 12.9 MA/m^  
The compressive strength of specimen compacted at 242 Mpa is 
about 12 Mpa when current of 12.9 MAm" is passed (Fig. 19.1) and strain 
is 0.23 (Fig. 19.2). The properties increase with an increase in compaction 
pressure to its high level. But the curves show a decrease when sintering 
time is 30 seconds and compaction pressure is at 725 Mpa. It may be due 
to insufficient time given to complete the sintering process. 
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At current density of 17.5 MA/m^ 
The mechanical behaviour of the product cannot be studied at 
compaction pressure of 242 Mpa. Because the pressings bursts at this 
experimental condition when current of 17.5 MA/m is passed through 
them. 
At 483 Mpa, the compressive strength is about 26.7 Mpa (Fig. 20.1) 
and strain is 0.27 - 0.35 (Fig. 20.2) They increase with an increase in 
compression pressure to its h i ^ value giving the same trend as at other 
levels of current density. 
4.3.4 Statistical analysis 
Main Effects: 
Table no 7 shows that statistically current density and time affects 
neither linearly or quadratic on compressive strength of product. The 
current density statistically affects quadratic on compressive strain (Table 
8) between 95% to 99% level but has no statistically signijficant linear 
effect and time has no significant effect on compressive strain. Statistical 
analysis shows that the effect of current density on compressive strength of 
product observed graphically is due to interaction effect. The quadratic 
effect of current density on strain may be increasing the temperature of 
sintered specimen with an increase in current density and then cooling of 
specimen in air may have increased its brittleness. This may have caused 
change in compressive strain in the product. 
Compaction pressure affects statistically on compressive strength 
linearly (with more than 99% confidence) and on compressive strain 
linearly (with more than 99% confidence) as well as quadratic (less than 
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Table 7. Table for Analysis of variance for 3^ design of experiment for compressive 
strength of product. 
Source of variation Sum of squares Degree 
of 
freedom 
Mean 
square 
Variance 
ratio 
Maximum 
a-value 
Main effects 
J: Linear (Lj) 
Quadratic (Qj) 
T: Linear (Lj) 
Quadratic (QT) 
P: Linear (Lp) 
Quadratic (Qp) 
Tv/o-Factor interaction 
LjLr 
QJLT 
LjQr 
Q;Qr 
LjLp 
LjQp 
Q;Lp 
QjQp 
LjLp 
LTQP 
QTLP 
QTQP 
Three- factor interactions 
45.030 
44.590 
11.907 
56.100 
5190.106 
0.161 
352.416 
0.819 
4.100 
41.304 
700.588 
119.793 
72.618 
114.103 
16.286 
141.372 
3.546 
1.284 
371.533 46.441 
0.969 
0.960 
0.256 
1.207 
111.755 
3.470x10' 
7.007 
1.763x10"^ 
8.829x10'^ 
0.889 
15.085 
2.579 
1.563 
2.456 
0.350 
3.044 
7.637x10"^ 
2.766x10"^ 
0.01 
0.05 
0.01 
0.10 
Total 7260.664 
fables 
Table 8. Table for Analysis of variance for 3 design of experiment for compressive 
strain of product. 
Source of variation Sum of squares Degree 
of 
freedom 
Mean 
square 
Variance 
ratio 
Maximum 
a-value 
Main effects 
J: Linear (Lj) 
Quadratic (Qj) 
T: Linear (Lj) 
Quadratic (QT) 
P: Linear (Lp) 
Quadratic (Qp) 
Two-Factor interaction 
L J L T 
Q J L T 
LJQT 
QJQT 
LjLp 
LjQp 
QjLp 
QjQp 
LxLp 
LTQP 
Q T L P 
QTQP 
Three- factor interactions 
1.507x10' 
1.525x10 -2 
3.741 x 10" 
3.450 x 10^ 
0.125 
5.104 X 10"-
1.248 x 10' 
1.135x10 
2.400 X 10'-
3.392 X 10^ 
6.823 X 10" 
3.950 xlO"-
8.479x10 
6.074 X 10 
-3 
-3 
-7 
1.456x10^ 
4.796 X 10" 
4.723 x 10" 
1.045 X lO'-
1.2269 X 10 -2 1.5336 
x lO -3 
0.982 
9.944 
2.439 
0.224 
82.050 
3.328 
8.138 
0.740 
1.565x10'-
0.221 
44.493 
25.756 
5.528 
3.960 X 10" 
9.494 X 10'-
0.312 
0.307 
0.681 
0.01 
0.01 
0.10 
0.05 
0.01 
0.01 
0.05 
Total 0.296393 
Tables 
90% confidence). It may be because of decrease in pore size and increase 
in mechanical interlocking adhesive force between powder particles with 
an increase in compaction pressure. 
Two - factor interaction effects: 
(I) Linear current density and linear time interaction effect (between 
95% and 99% confidence), (ii) linear current density and linear compaction 
pressure interaction effect (with more than 99% confidence) and (iii) linear 
time and quadratic compaction pressure interaction affect (less than 90% 
confidence) are statistically significant on compressive strength. And other 
interaction effects are not statistically significant. 
(I) Linear current density and linear time interaction effect (between 
95% and 99% confidence), (ii) linear current density and linear compaction 
pressure interaction effect (with 99% confidence), (iii) linear current 
density and quadratic compaction pressure interaction effect (more than 
99% confidence) and (iv) quadratic current density and linear compaction 
pressure interaction effect (between 95% and 99% confidence) on 
compressive strain are statistically significant. 
Statistical analysis shows that compaction pressure is the most 
effective on compressive strength and strain. It shows that closer powder 
particles are sintered better. When powder particles are closer and pore 
size is reduced, interaction factors affect more. 
A mathematical model developed to relate compressive strength 
with compaction pressure, current density and time. It is found to be 
correct up to 23.62% of errors. It is given below: .^«^^^ " " - - ^ T ^ 
4 - Discussion of results •^ ( ' ^ - s ^ - ' v ^ O i'^fll 
Fig. 21.1. Effect of input electrical electrical energy on compressive strength of 
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30 100 
• 
a 
A 
- " 
242 Mpa. 
4a3Mpa. 
725 Mpa. 
- Poty. (4S3 Mpa.) 
Input electrical energy. 
Fig. 21.2. Effect of Input electrical energy on compressive strain of prcxluct 
0.45 
04 
035 
0.3 
c 
s 
tS 0.25 
s 
i 02 I 
3 0.15 
0.1 -
Q05 
0 
• 242 Mpa. 
O 483 Mpa. 
A 725 Mpa. 
Poly. (242 Mpa.) 
Poly. (483 Mpa.) 
Poly. (725 H j^a.) 
BID 
Input electrical energy. smo 
Curve-4 
Compressive strength = (3*10^*/>^*0.0186*P+0.0308)*7*-2^^*/^^^ 
Where, P is the compaction pressure in Mpa, T is the time of 
passing current through the compact in seconds and / is the current density 
inMA/m^. 
4.3.5 Effect of heating using electrical energy 
An electrical energy, when supplied to a mechanically interlocked 
specimen, effects compressive strength and strain of P/M product (Figs. 
21.1 and 21.2). It also verifies inter-particle fusion, which increases with 
an increase in input electrical energy. It also improves the strength. The 
compressive strain also increases with the increase in input electrical 
energy. It may be due to an improvement in ductility of the product. 
However, when J''t exceeds 15000, the formation of hot spots might have 
caused the decrease in compressive strength and strain. 
4.4 Hardness 
A number of different arbitrary definitions of hardness form the 
basis for various hardness tests now in use. Such definitions generally 
develop with the necessity for some way of expressing quantitively 
performance requirements under differing conditions of service. In spite of 
their apparent divergence in meaning, the method of test implied by each 
definition has a certain useful field of application. 
An expert on the subject of hardness once stated [Davis et al, 1982; 
Williams, 1942]:-
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"In the solid state the cohesive forces are so strong that the atoms 
retain fixed positions relative to each other. This produces an aggregate 
that has and retain definite form. Resistance to change in fomi, i.e. to 
change the relative positions of the atoms composing a body, may be 
defined as the rigidity of that material. The stress necessary to produce 
permanent deformation of the structure of the solid is most intimately 
allied to the properly of hardness, for, in the measurement of hardness by a 
penetration method, it will be necessary to vary permanently these fixed 
positions tliat the atoms bear to each other". 
All the hardness measures are, no doubt, fiinctions of interatomic 
forces, but the various hardness tests do not bring these fimdamental forces 
in to play in the same way or to the extent, thus no method of measuring 
hardness uniquely indicates any other single mechanical property. 
Although some hardness tests seems to be more closely associated than 
others with tensile strength, some appears to be more closely related to 
resilience, to ductility, and so forth. In view of this situation, it is obvious 
that a given type of test is of practical use only for comparing the relative 
hardnesses of similar materials on a stated basis. For example, the results 
of ball-indentation tests on steel serve nicely to evaluate the effectiveness 
of a series of heat-treatment on given steel or even to classify steels of 
various compositions. 
Hardness tests have a wide field of use. The results of a hardness test 
may be utilized as follows: -
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1. Similar materials may be graded according to hardness, and a 
particular grade, as indicated by a hardness test, may be specified 
for source one type of service. The degree of hardness chosen 
depends; however, on previous experience with materials under 
the given service and not on any intrinsic significance of the 
hardness numbers. It should be observed that a hardness number 
couldn't be utilized directly in design or analysis as can, for 
example tensile strength. 
2. The quality level of materials or products may be checked or 
controlled by hardness tests. They may be applied to determine 
the uniformity of samples of a metal or the uniformity of results 
of some treatment such as forming alloying, heat-treatment, or 
casehardening. 
3. By establishing a correlation between hardness and some other 
desired properly, for example, tensile strength, simple hardness 
tests may serve to control the uniformity of the tensile strength 
and to indicate rapidly whether more complete tests are 
warranted. One should be aware, however, that correlations apply 
only over a range of materials on which tests have previously 
been made; extrapolation from empirical relations should rarely 
be made and then only with great caution. 
Though hardness is not a fimdamental properly, it is a commonly 
used quantity and gives a general indication of strength of the material, as 
well as its resistance to wear and scratching. Studies [Jain, 1995] have 
shown that, using the same units, the hardness of a cold-worked metal is 
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about three times its yield stress (Y) and for annealed metals, it is five 
times Y. 
In the present investigation, some sophisticated mechanical tests 
cannot be carried out due to some experimental limitations. The results of 
the hardness tests performed and discussed in the following paragraph are 
important. The hardness values may be used as a basis of strength tests. 
4.4.1 Effect of current density 
Results of hardness tests performed show that specimens, compacted 
at 242 Mpa, after passing current of density of 8.3 MA/m~ have Brinell 
hardness of 13 HB, (Fig. 22.1). And at 242 Mpa, an increase in the current 
density has negligible effect on hardness values. It may be due to larger 
pore as is evident jfrom microstructures (Plate P2.2 - P7.2). 
Specimens compacted at 483 Mpa, after passing current of density 
of 8.3 MA/m" have Brinell hardness of 29-36 HB (Fig. 22.2), and those 
compacted at a level of 725 Mpa have 26-29 HB (Fig. 22.3). By increasing 
compaction pressure and more dense packing of powder particles, 
evaporation of volatile zinc and arresting of zinc vapours are better 
controlled. It has resulted the increase in product hardness. 
At higher compaction pressure, the hardness is observed to decrease 
with an increase in current density. At 483 Mpa, the effect of current 
density is more pronounced and decreases with the increase in current 
density. It may be due to evaporation of zinc increasing the pore size. The 
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escaping zinc vapours may also have segregated in pores. At 725 Mpa, the 
evaporation of volatile zinc and the trap to arrest them is ftirther improved. 
It is therefore; a little variation in hardness is depicted with an increase in 
current density at this high level of compaction pressure. 
4.4.2 Effect of sintering time 
As compared to current density, sintering time shows practically 
negligible effect on product hardness at all level of compaction pressure 
(Fig 23.1, 23.2 and 23.3). However it can be seen that after passing current 
of density 8.3 MAJrrr for 30 seconds through specimen compacted at 483 
Mpa, the hardness of the product is the highest. Moreover, at this level of 
compaction pressure with medium and high levels of current density, the 
hardness increases a little to a maximum when sintering time is 60 
seconds. A further increase in time has an adverse effect on the property. 
At 725 Mpa, the curves show the same trend at all levels of sintering time 
as those depicted at 483 Mpa with medium and high levels of current 
density. 
4.4.3 Effect of compaction pressure 
Compaction pressure is found to show a major effect on product 
hardness. It is about 13 HB when specimens are compacted at 242 Mpa 
(Fig. 24.1 to 24.3). Product hardness is found to increase to about 30 HB 
with an increase in compaction pressure to 483 Mpa. It may be due to 
higher packing that controls the movement of zinc vapours. A further 
increase in compaction pressure to 725 Mpa may have increased the 
ductiUty by having better fusion between particles. It may have caused a 
little decrease in product hardness. 
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Fig 24.1. Effect of conipactlon pressure o n product hardness. 
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4.4.4 Statistical analysis 
Statistically, current density effects linearly (more than 99% 
confidence) (Table 9) and compaction pressure effects linearly as well as 
quadratic (more than 99% confidence in each case) on sintered hardness of 
product. However, there is significant interaction effect of linear current 
density and quadratic compaction pressure (between 90% and 95% 
confidence) on the hardness of the product. It is due to decrease in pore 
size with the increase in compaction pressure. The decrease in pore size 
improves inteiparticle actives at elevated temperature. Controlling current 
density controls the temperature here. That is why, statistically, the effect 
of current density is highly significant. 
4.4.5 Effect of heating using electrical energy 
An electrical current was passed through a mechanically interlocked 
specimen. The effect on product hardness was observed (Fig. 25). A 
specimen compacted at 242 Mpa, shows a little effect on the hardness of 
the product. But the hardness of the specimens compacted at higher levels 
decreases with the increase in input electrical energy. However, there are 
deviations in product hardness with an increase in electrical energy. 
Similar to compressive strength, the deviations are within control at high 
compaction level (725 Mpa). It may be due to suppression or control of hot 
spots at higher level of compaction pressure. Non-homogeneous 
compactions of powder particles form neck at the contact points of 
particles, particularly at low level of compaction pressure. It causes a non-
uniform flow of current. Hot spots form when a high current flows through 
a very small area. At a high compaction pressure, pore size is reduced. 
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Table 9. Table for Analysis of variance for 3^ design of experiment for hardness of 
product. 
Source of variation Sum of squares Degree 
of 
freedom 
Mean 
square 
Variance 
ratio 
Maximum 
a-value 
Main eifects 
J: Linear (Lj) 
Quadratic (Qj) 
T: Linear (LT) 
Quadratic (Qx) 
P: Linear (L?) 
Quadratic (Qp) 
Two-Factor interaction 
LJLT 
QJLT 
LJQT 
QJQT 
Three- factor interactions 
238.347 
20.491 
15.419 
2.491 X 10"-
1077.873 
528.344 
3.255 
12.191 
0.708 
3.056 
LJ Lp 
LjQp 
QjLp 
QjQp 
LjLp 
LTQP 
QiLp 
QTQP 
26.078 
16.714 
57.532 
4.809 
19.253 
0.205 
12.320 
5.026 
101.9806 12.747 
18.697 
1.626 
1.209 
1.954 X 10" 
84.555 
41.446 
0.255 
0.956 
5.557x10'-
0.239 
2.045 
1.311 
4.513 
0.377 
1.510 
.612x10 
0.966 
0.394 
0.01 
0.01 
0.01 
0.10 
Total 2143.874 
I ables 
particles are closer, compact is more homogeneous and affinity to fusion is 
increased. Thus the probability to form hot spots is reduced. 
A mathematical model developed to relate hardness with 
compaction pressure, current density and time. It is found to be correct up 
to 12.5% of errors. It is given below: 
Hardness (HB) = o_5m*F^''''*T^''''*f'''' 
Where, P is the compaction pressure in Mpa, T is the time of 
passing current through the compact in seconds and / is the current density 
in MA/m". 
4.5 - Step Current Control Technique (SCCT) 
The findings discussed earlier in this chapter show that the process 
parameters like compaction pressure, sintering time and current density 
influence properties of P/M brass products. Therefore, to evaluate the 
process according to the effect of these input parameters on the properties 
of sintered brass product is discussed below and an effective sintering 
technique is suggested to manufacture a P/M brass product possessing the 
best possible properties. 
Input parameters 
Current density: 
For successful sintering and to obtain optimum properties, proper 
control on sintering mechanisms is essential. A sintering mechanism is 
complex and depends on the composition of metal particles as well as 
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processing parameters. As temperature increases, two adjacent particles 
begin to form a bond by fiision, diffusion (when there is a mass 
transportation too) etc. In the present case, temperature of two adjacent 
particles increases with an increase in current density. This causes the 
conducting particles to form a bond. Hence by controlling the current 
density, sintering mechanism remains under control. 
In the proceeding chapter, it is discussed that an increase in current 
density improves the properties of sintered product. It has been observed 
that the flow of current causes disintegration of compacts when it exceeds 
12.9 MA/m"^  at least for specimens compacted at low level of compaction 
pressure (242 Mpa). Moreover, the properties like relative density, 
densification parameter, compressive strength and hardness of product 
compacted at 483 Mpa, are observed to have decreased when the level of 
current density exceeded 12.9 MA/m". Properties of products compacted at 
725 Mpa, show little improvement when the level of current exceeds 12.9 
MA/nr rather a recovery in volumetric loss is observed which is an 
ineffectual. 
From the above discussion it can be concluded that when 12.9 
MA/m" of direct current is allowed to flow through a compact all the 
properties depicted will be the improved and the most appropriate. Hence 
this level of current density (i.e. 12.9 MA/m") is chosen as the most 
effective level of current density for a successful sintering of P/M brass 
components. 
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Sintering Time: 
In a successful sintering technique, processes like neck growth 
between particles, occurrences of densification and reciystallization of 
structures, are to be completed. The requirement of time is indispensable 
for their completion. However, excess time may give chance to progress 
undesired and unavoidable activities so much so that wanted properties 
may get affected. It is therefore necessary to provide a predetermined 
sufficient time for an efficient sintering process but excess time is to be 
avoided. In the present case it is observed that the desired properties 
particularly compressive strength reduces when sintering time exceeds 60 
seconds along with densification parameter. Properties like hardness is 
practically a little effected by excess time. It can be therefore inferred that 
the most appropriate amount of time given to achieve an effective sintering 
is 60 seconds. Hence in the modified sintering technique, 60 seconds is to 
be provided as sintering time. 
Compaction pressure: 
Studies show that the best possible results can be obtained by 
increasing compaction pressure. However, as according to the researchers 
[Smiiygin et al, 1974], compaction pressure exceeding 700 Mpa, gives a 
little improvement in the wanted properties of P/M brass products, and 
therefore not justified. It is due to this reason, the maximum level of 
compaction pressure under present investigation is veiy near to 700 Mpa 
i.e. 725 Mpa. Good results are observed at this experimental condition in 
the present wori<: as discussed earlier. It is due to this reason, in the 
modified experiments compaction pressure is kept at a level of 725 Mpa to 
achieve the most effective sintering technique. 
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Sintering Cycle: 
Physical, mechanical and tribological properties of sintered 
specimens are greatly affected by the rate of heating apart from the 
sintering temperature. Kutty [1988] has adopted a sintering cycle shown in 
Fig. 26 for his sintering technique. The results exhibited reported to be 
highly improved. 
It is discussed earlier that when current is allowed to flow through 
the compacts, hot spots elevating localized high temperature are formed 
during sintering. These hot spots may cause zinc to get separated in the 
form of vapours. These zinc vapours may be entrapped when compaction 
pressure is high enough. Some of these entrapped vapours of zinc surround 
the powder particles hampering the fusion between them. Moreover, 
composition at the spots under discussion may get changed than that of the 
product. It may be due to this, product shows a lot of variations when J t 
values are lower than 15000 levels. The occurrence of hot spots is due to 
non-homogeneity of compact during the passage of current through them. 
It is therefore be more effective to give some time (in other words to hold) 
at lower level of current density prior to the desired predetermined level of 
current density. Thus, compact will be homogenized prior to the passage of 
current at the predetermined level of current density. The holding of 
current at a lower level will also minimize the range of effect of hot spots, 
if any how get formed. In other words, by reducing its energy that depends 
on the square of the magnitude of current density, the range of hot spots 
may be minimized. 
As discussed earlier, the current was raised to a desired 
predetermined level (say for example, 12.9 MA/m^) without lapse of time. 
It was then maintained at that level for the desired predetermined duration 
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Fig. 26. Sintering cycle adopted by Kutty [1988]. 
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Fig. 27.2 Cycle of passing current through compacts during sintering 
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(say for example, 60 seconds). Finally, it was brought to zero level of 
current (Fig. 27.1). In modified Step current control sintering (SCCT) 
scheme of experiments the current is held at a level half of the estimated 
value, i.e. at 6.45 MA/m" for 30 seconds. It is then raised to the desired 
estimated value of 12.9 MA/m" and is allowed to pass through the 
specimen for the next 30 seconds. After then the current is finally brought 
down to zero level. The cycle time of the modified SCCT scheme is 
represented in Figure 27.2. 
Electrical energy 
The electrical energy to be utilized under SCCT is 6260 J/ohm 
which is only 62% of that needed for sintering at 12.9 Ma/m~ for 60 
seconds. Thus the proposed sintering technique will save 38% of electrical 
energy. 
Experimental conditions 
Current cycle: Step I 6.5 MA/m~ for 30 seconds. 
Step II 12.5 MA/m" for 30 seconds. 
Sintering time: 30s + 30s = 60 seconds (Total) 
Compaction pressure: 725 Mpa. 
Atmosphere: Air (uncontrolled) 
Die lubrication: Borax 
Product properties 
In the following paragraphs the properties of product obtained 
through the modified scheme are discussed in detail. 
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Morphology/Metallographic study 
The purpose of sintering is to develop metallurgical bond between 
powder particles. It requires transport of material by some mechanisms. 
Surface, volume and grain-boundary diffusion etc. are predominant among 
them. Tlie most significant aids for this, in conventional sintering process, 
are time and temperature. Particle size and density of compact before 
sintering, also affect this process. Visual perception of the specimens, 
sintered by adopting SCCT is studied. The surface structure produced by 
this process is also examined by optical microscope. 
Visual perception of the products obtained through SCCT (Fig. 
P27.1) shows that there is no sign of any white spot on the surface of the 
products, but they become dull after passing current under SCCT. 
However, these specimens appear better as compare to those obtained after 
passing current at a constant level of 12.9 MA/nr for 60 seconds. 
Metallograghic preparation of specimens undergone SCCT is done 
by grinding, polishing and etching with ferric chloride (FeCls). 
Microstructure studies provide informations regarding interparticle fijsion, 
grain growth and morphology of pores. The microstructure of the specimen 
(Plate P27.2) shows a network of diminished grain boundaries with all the 
adjoining surfaces. It reveals that better interparticle fiision has taken 
place. The particles have segregated to produce larger mass with coarser 
grains. They are partially or completely fused to one another in sequence. 
Due to the flow of direct current through the compacts, grain growth is 
restricted to be directional. It is an added advantage of passing current 
through the compacts. Morphology of pores along with grains are also 
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P27.1 Photograph of products sintered under SCCT scheme 
^27.2 Micrograph of a product sintered under SCCT scheme (F shows 
persistence of original particle boundaries under going interparticle fusion 
and R indicates rounded pore). 
Photographs 
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improved as compared to that depicted by specimen obtained after passing 
current at 12.9 MA/m" for 60 seconds (Plate P4.2). The pores are more 
spherical and segregated at particular locations. Proportional volumetric 
loss is also noted which verifies the interparticle fusion and decrease in of 
pore size. 
Relative density; 
The mean relative density of the product obtained through modified 
scheme is 6.87 (Fig. 28.1). The highest relative density of the product 
under the proposed scheme is observed to be as high as 6.92. It is 
improved from 6.7 (Fig 4.1), obtained in the previous scheme discussed in 
the earlier paragraph for the specimen compacted at 725 Mpa, when a 
current of 12.9 MA/m~ is passed for 60 seconds. 
Maximum density ratio reported by Kutty [1988] is 87.04 % for 
sintered non-conventional brass powder product and 94.83% for sintered 
conventional brass powder components. He has not mentioned the basis of 
calculation of those percent values. However the relative densit}' of 
product exhibited in the present investigations can practically be equated to 
the relative density reported by Kutty. The relative density obtained 
llirough SCCT is comparable with that reported by Afaq et al [Feb 1993; 
Apr. 1993] (6.8 - 7.2 for sintered specimen compacted at 686 Mpa), but it 
is little less than 7.66 reported by Afaq et al [1994] for components 
compacted at 740.25 Mpa and sintered in open atmosphere with borax 
covering and adopting MFH technique. 
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Fig. 28.1. Comparison of relative density of product obtained through 
current control technique and step current control technique. 
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Densification parameter: 
The densification parameter by adopting modified effective scheme 
is depicted to be 0.022 (Fig 28.2) to a maximum of 0.035 as con^^ared to 
0.0216 (Fig 4.2) when current of 12.9 MAJm^ is passed for 60 seconds. 
Kiitty [1988] reported a decrease in density ratio of sintered product 
as compare to tliose of unsintered one for botli conventional powder 
products and the non-conventional ones. This shows that densification 
parameter is negative in his case. Rather swelhng or dezincification was 
unavoidable. Thus the present modified effective scheme of experiment is 
definitely better. 
Change in mass: 
There is a gain in mass of 0.16 % (Fig. 28.3) in the modified 
effective scheme as compared to 0.12% (Fig 4.3) that has been observed 
when 12.9 MA/m~ of current is passed through the product for 60 seconds. 
It is more than 0.08 % (Fig. 4.3) gain, which is observed when 12.9 
MA/m" of current is passed for 30 seconds. It may be due to the reason of 
having no or negligible effect of the surrounding air on the product when 
the current densit>' is elevated to 12.9 MAy'm" in the modified effective 
scheme. 
According to Kutty [1988] the gain in weight is reported to be 
0.21% to 0.79% for non-conventional brass powder component and to 
0.0068 % for conventional ones. 
In the present case the gain in mass (0.16%) is little more than that 
reported by Kutty (0.0068 %). Rather they can be equated for aU practical 
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Fig. 28.3. Comparison of mass of product obtained through current 
control technique and step current control technique. 
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Pig.28.4. Comparison of volume of product obtained through current control 
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purposes. Thus the process said to have controlled dezincification. The 
study shows that the oxidation of volatile metals can be avoided by 
adopting the present SCCT method of processing in controlled atmosphere. 
Nevertheless the gain in mass in the present case is negligible and can be 
practically overlooked. 
Volumetric change: 
E>uring sintering, fiision of pow d^er particles, grain growth and 
closure of pores etc. cause shrinkage in volume of product. The modified 
effective sintering technique has very significant effect on the shrinkage in 
volume of product and is amounting to an average of-0.33 % (Fig. 28.4). 
The decrease in volume shows an efficient sintering. However, the 
modification in sintering cycle has reduced the shrinkage that depicted to 
be -0.52 % (Fig. 4.4) in the earlier scheme at the level of 12.9 MA/nr of 
current density and 60 seconds of sintering time. 
However, it is very much improved as reported by Kutty [1988] i.e. 
0.02-0.19 % increase in volume of components made Irom conventional 
brass powders and 3.35 - 12.72 % increase of that fi^om non-conventional 
brass powders. 
Diametric change: 
The result of the evolved effective processing method shows that 
there is a reduction in diameter of the product to -4.3x10'^ % (Fig. 28.5) to 
a minimum of-0.121 %. The mean value is less than -0.18% (Fig. 4.5) 
depicted by the product when 12.9 MA/m^ of current is passed for 60 
seconds. This may be due to the expansion of the product (while the 
current is passed at the level of 12.9 MA/m^ for 30 seconds during the 
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Fig. 28.5. Comparison of diameter of product obtained through current control 
technique and step current control technique. 
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Fig. 28.6. Comparison of compressive strength of product obtained through current 
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second phase in the modified eifective technique) after its contraction 
(during the first phase of sintering at 6.5 MA/m" for 30 seconds). 
This net result shows a contraction of compacts. This phenomenon 
has naturally reduced the pore size and is desirable. Kutty [1988] has 
reported swelling of compacts that has reduced the product density. 
Compressive strength 
Figure 28.6 shows that the compressive strength obtained througli 
proposed effective sintering technique (127 Mpa) is three times of that 
(43.53 Mpa, Fig. 12.1) obtained through the technique discussed earlier. It 
is also a verification of better and more efficient sintering. 
The true compressive strength reported by Kutty [1988] for 
conventional powder parts is varying Irom 197 - 268 Mpa. In the present 
investigation the maximum value observed for a sintered specimen 
obtained through SCCT is 162 Mpa. It is less than the value reported by 
some investigators. It can be improved by controlling the atmosphere. 
Compressive strain 
There is an improvement to 0.35 in compressive strain (Fig. 28.7) by 
adopting the proposed sintering technique than that (0.31, Fig. 12.2) 
discussed earlier. It may be due to an improvement in ductilit>', which can 
happen when sintering with improved fiision has taken place. 
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Fig. 28.7. CotTiparison of compressive strain of product obtained through cuurent 
control technique and step current control technique. 
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Fig. 28.8. Comparison of hardness of product obtained through current control 
technique and step current control technique. 
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Hardness: 
It can be seen from the fig. 28.8 that the hardness obtained by this 
proposed sintering SCCT method (55.02 HB) is m,ore than double the 
hardness obtained by the technique discussed earlier (25 HB). This also 
verifies the better fusion of particles and consequently better grain growth. 
And reciystallization of grains has occurred in better way. 
The result reported by Kutt>' [1988] (49 - 56 HB) is practically same 
as of components made from conventional powders, and is approximately 
double of those reported for non-conventional powder specimens, i.e. 27.7 
to 39.8 HB. The hardness observed in the present investigation is better 
than that reported by Afaq et al [Feb 1993; Apr. 1993] for parts compacted 
at 686 Mpa (48 - 53 HB). But is little inferior to those reported by AJaq et 
al [1994] (73.2 HB) for specimen compacted at 740.25 Mpa and sintered 
adopting conventional MFH technique in open atmosphere using borax 
covering. 
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Chapter - 5 
Conclusions 
1. Direct electrical resistance heating as compared to conventional 
muffle flimace heating achieves better control on dezincification 
of brass powder compacts. 
2. Only current density and the duration of current are controlled for 
the desired conditions of sintering. 
3. Dezincification of brass powder compact is avoided by adopting 
direct electrical resistance heating even if the sintering 
atmosphere is not controlled. 
4. There is a specific combination of input parameters beyond 
which the compacts burst. 
5. Sintering of brass powder compacts is completed in one minute 
only by passing electric current at 12.9 MA/m^ through 
specimens compacted at 725 Mpa. 
6. If a current is passed in two steps viz. 6.5 MA/m^ for 30 seconds 
and raised to 12.5 MA/m" and for the next 30 seconds, it 
improves drastically the properties of sintered products as 
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compared to the condition when the current is maintained at 12.9 
MA/m^ for 60 seconds. 
7. Relative density (p) is a function of the compaction pressure, 
time and current density. It varies according to the following 
relationship: 
1 5973*p»1792*jO.0326:,=j0.028 
8. Compressive strength (Oj.) is a fanction of the compaction 
pressure, time and current density. It varies according to the 
following relationship: 
a, = (3*10"^*/^*0.0186*/'+0.0308)*7*-^-*/ 459 
Brinell hardness (HB) is a fiinction of the compaction pressure, 
time and current density. It varies according to the following 
relationship: 
Hardness (HB) = o,5m^I^''''*r''''' */•'"'' 
5 - conclusions 96 
Chapter - 6 
Suggestions for future work 
1. Study the effect of controlled atmosphere on the behaviour of 
sintered products sintered through passing current at various levels 
of compaction pressure, current density and time. 
2. Study of the behaviour of products sintered through passing current 
in steps. 
3. Study of the effect of higher levels of time on the behaviour of 
products sintered passing current at current density lower than 12.9 
MA/m and time exceeding 60 seconds. 
4. Study of alloying element on the mechanical behaviour of products 
sintered through passing current. 
5. Study the behaviour of products sintered through passing current 
after employing various mechanical methods (repressing, repressing 
and re-passing of current through the specimens etc.). 
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